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Preface

Medicinal plant biotechnology is a discipline that should be well known and ac-
cepted as a sub field under the umbrella of pharmaceutical biotechnology. Howev-
er, to our surprise we could not identify any recent contribution dealing with me-
dicinal plants and biotechnological techniques on a high comprehensive level that
the subject would deserve today. We accepted this lack as a challenge to sort out the
needs of the scientific community and to identify valuable topics that must be
addressed in order to provide a narrow and well-defined picture of medicinal plant
biotechnology.

We identified several experts in the fields of pharmaceutical biology, biotechnol-
ogy, biochemistry and genetics who were willing to spend their precious time to
share their knowledge with us. Many thanks here from the editors, as without the
enthusiasm, efforts, and patience of these experts this book would not have been
possible.

Biotechnology in general is a fast-moving area, and this development can be rec-
ognized in our field of pharmaceutical biotechnology. In this book we have focused
on medicinal plants, and have attempted to structure the latest developments into
three parts. In Part I, the actual status of medicinal pharmaceutical biotechnology
and the cell as a producing unit are outlined. Here, the major questions are: How
do medicinal plants and biotechnology fit together, and how must we understand
the plant cell as a “biofactory” that can be used in an integrative drug discovery pro-
cess? It should be mentioned that endophytes as plant-related microorganisms are
discussed in Part I because of the upcoming interest in this new genetic and natu-
ral product source for the future. Today, although research into endophytes is very
much in its early stages, the first reports on the possibilities to use them to produce
formerly plant-originated compounds make this group of organisms interesting
for both academia and industry.

Whilst academic and industrial needs are different, all authors were able to pro-
vide answers for these groups, both of which are confronted with new challenges
such as metabolomics, high-throughput screening, and the application of the latest
recombinant DNA technologies. Whether these techniques will be transferred suc-
cessfully into industrial applications is not clear, but the authors in Part I provide
an outlook into this exciting future of pharmaceutical biotechnology.
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XVIII Preface

In Part II, we go a step further from the well-organized cell to the nanocosmos,
with special focus on genetics and molecular biology. In this part of the book, strat-
egies are discussed to accelerate the drug discovery process based on genetic tech-
niques such as micropropagation, combinatorial biosynthesis, and expressed se-
quence tag databases. Considerable attention has been paid to optimize the pro-
duction of natural products of pharmaceutical relevance in cell cultures, and how
production can be scaled up in bioreactors. Combinatorial biosynthesis and ways
to modify physiologic traits by constructing transgenic plants will provide an idea
of future techniques in natural product production. Some of these products are in
the later stages of development, and we hope that we might be able to read about
them in the next updated edition of this book, in Part III.

Part III deals with the future directions of medicinal plant biotechnology and ex-
amines its practical applications in industry. Authors from industry provide in-
sight into their own production facilities, and discuss the problems and limita-
tions. Progress here has, however, been slower than with medical and other areas
of research. Because plants are genetically and physiologically more complex than
single-cell organisms such as bacteria and yeasts, the necessary technologies in in-
dustrial business are developing more slowly. However, exploring ways to use ge-
netic modification better will definitely influence this area, and therefore we must
accept that our attempt to structure the latest developments was only an attempt,
and that medicinal plant biotechnology must be considered as a complex and inte-
grative discipline.

Our special thanks go to Steffen Pauly and others of the Wiley-VCH publishing
team for their professionalism, continuous encouragement and support, which we
enjoyed not for the first time in our sustainable relationship.

Special thanks also to the families of both the editors and the authors for their
patience and understanding why time was spent on this project, and why they had
to tolerate extended periods of negligence. We are not so naïve to believe that ded-
icating this book to them will compensate the missed time, but it might be a start!

We have no doubt that this book is far from complete and that some areas of
interest were not touched and will have to be discussed in the future, in updated
editions. However, we are convinced that we were able to provide a good “primer”
to start working in medicinal biotechnology and to show how exciting the combi-
nation of medicinal plants and biotechnology can be.

Oliver Kayser Groningen, September 2006
Wim J. Quax



XIX

Foreword

It is a pleasure for me to write the foreword to this unusual and excellent book on
the engineering of medicinal plants! This collection of relevant articles provides a
comprehensive overview of the status quo of gene technology and plant biotechnol-
ogy with medicinal plants. The focus is twofold. First, it not only presents a com-
prehensive overview on the use of medicinal plants in the pharmaceutical industry
and their engineering to increase yields of small molecule drugs, but also high-
lights the challenges to patient and consumer acceptance that surround the use of
these genetically modified plants as a source of extract preparation and manufac-
turing.

Second, the book deals with progress made to date in engineering plants as ex-
pression hosts used to produce biopharmaceuticals – that is, protein-based drugs
for human use from genetically modified plants. This topic is of utmost impor-
tance, as biopharmaceuticals are currently the mainstay products of the biotech-
nology market and represent the fastest-growing and, in many ways, the most ex-
citing sector within the pharmaceutical industry.

The term “biopharmaceutical” was coined during the 1980s, when a general con-
sensus evolved that it represented a class of therapeutics produced by means of
modern biotechnologies. The recombinant DNA technology of Cohen and Boyer
enabled them, in 1978, to generate the first commercial product: human insulin
expressed in E. coli. These efforts also led to the first biotech company: on October
14th, 1980 “Genentech” went public on New York Wall Street stock exchange. Fas-
cination about this modern biopharmaceutical and the huge potential of the new
biotechnology made the stock price jump from 35 to 89 US$ in the first 20 min-
utes: by the evening of the same day, the market capitalization was 66 million US$!

Since then, the market for biopharmaceuticals has steadily grown, and currently
almost 150 biopharmaceuticals have gained approval for general human use (EU
and USA). Over this period it became clear that production capacities for biophar-
maceuticals with “conventional” bioreactors would be a bottleneck, and that world-
wide fermentation capacities are limited. One exciting solution to these “capacity
crunches” is the use of transgenic plants to produce biopharmaceuticals.

Basically this highly innovative, but relatively new approach, is the blending of
green biotechnology (using genetically modified plants as expression hosts) and red
biotechnology (the biotechnological production of pharmaceuticals).
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XX Foreword

The towering German writer and natural scientist Johann Wolfgang Goethe
(1749–1832) was doing research on the blending of colors as published in his sci-
entific treatise “Farbenlehre” and also the English scientist and mathematician Sir
Isaac Newton (1642–1727)  developed a tool for color mixing, the “color wheel”.
Light can be split up into a spectrum by sending it through a prism, and everybody
admires probably the most exciting atmospheric phenomenon: rainbows caused
by refraction of sunlight in raindrops. In a rainbow we see the continuous range of
spectral colors and the color theory is basically a convenient tool for predicting the
results of simply mixing these colors. According to that, additive color mixing of
red and green is yellow, and by blocking the sunlight, the shade of the color yellow
is gold – a pot of gold at the end of the biotechnology rainbow. As a homage to
these brilliant scientists I would call the blending of green and red biotechnology
“Golden Biotech”. 

One important example (although not a pharmaceutical overexpressed in a plant
for isolating the drug), is Golden Rice: a transgenic rice with increased content of
pro-vitamin A (â-carotene) – and thus its nutritional value. The name stems from
its real golden color, and the shiny effect is due to the high â-carotene content. The
inventors Peter Beyer and Ingo Potrykus † were awarded the prestigious nature bio-
tech award early 2006, “for a potential solution to eliminate the largescale vitamin
A deficiency existing among the poor in countries such as India and to fight
against blindness (at the beginning of the 21st century, 124 million people were es-
timated to be affected by vitamin A deficiency, which is responsible for 2 million
deaths, and 500,000 cases of irreversible blindness annually.)”

This book nicely describes different approaches of pink biotechnology, its applica-
tion for plant expression systems, and their advantages and limitations, and con-
cludes by considering some of the innovations and trends likely to influence the
future of engineering of medicinal plants.

Plants are by far the most abundant and cost-effective renewable resource
uniquely adapted to complex biochemical synthesis. The increasing cost of energy
and chemical raw materials, combined with the environmental concerns associat-
ed with conventional pharmaceutical manufacturing, will make plants even more
compatible in the future. With the words of Max Planck (1858–1947) ‘‘How far ad-
vanced Man’s scientific knowledge may be, when confronted with Nature’s im-
measurable richness and capacity for constant renewal, he will be like a marveling
child and must always be prepared for new surprises,’’ we will definitely discover
more fascinating features of plant expression systems. But there is no need to wait:
combining the advantages of some technologies that we have in hand by now could
already lead to the ultimate plant expression system. This is what we should focus
on, because, then, at the dawn of this new millennium, this would for the first time
yield large-enough amounts of biopharmaceuticals to treat everybody on our plan-
et!

An unusual feature of Medicinal Plant Biotechnology is that, for a book with so
many facts, it is a delight to read. While easy to read, it is a guide to both, broad sur-
veys and key papers, which are provided in convenient, but at the same time com-
prehensive reference lists.



XXIForeword

I am convinced that the editors have done a great job in compiling a cutting-edge
and comprehensive book on the current status of the use of medicinal plants, its
genetically modifications and implications thereof. I wish this book a numerous
and broad readership, and I encourage all readers to enjoy this collection of inter-
esting contributions from scientists from academia and industry.

Jörg Knäblein

Head Microbiological Chemistry, Schering AG
Scientific Advisor and Board Member European Association of Pharma Biotech

Berlin, June 2006
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Color Plates

Fig. 6.6 Noncovalent modifications of proteins by secondary metabolites.
1, Pentagalloylglucose (gallotannin). 2, Dimeric procyanidin B4 (catechol
tannin). 3, Hypericine (dimeric anthraquinone). 4, Kaempherol (flavonoid).
5, Rosmarinic acid (phenylpropanoid). 
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XXX Color Plates

Fig. 6.7 Specific interactions (ligand–recep-
tor relationships) of secondary metabolites
with proteins. 1, Canavaline (non-protein ami-
no acid). 2, Hyoscyamine (tropane alkaloid).
3, Lupanine (quinolizidine alkaloid). 4, Phy-
sostigmine (indole alkaloid). 5, Vinblastine
(dimeric monoterpene indole alkaloid). 

6, Podophyllotoxin (lignan). 7, Atractyloside
(diterpenes). 8, Ouabain (cardiac glycoside).
9, 12-Tetradecanoyl-phorbol-13-acetate (TPA;
phorbolester). 10, Salicylic acid (phenolic 
acid). 

Fig. 12.1 Somatic embryo-derived tubers of Corydalis yanhusuo formed
after 6 months of culture on: (A) half-strength MS medium supplemented
with 0.1 mg L–1 GA3; and (B) half-strength MS medium supplemented
with 0.51 mg L–1 paclobutrazol. (Scale bars: A = 9.17 mm; B = 6.31 mm.)
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Fig. 12.2 Asymbiotic seed germination and ex-vitro establishment of plants of
Dendrobium tosaense. (A) Optimum seedling growth after 5 months on MS
basal medium + 8% banana homogenate + 1.5% sucrose. (B) Hardened
plants after 6 months in the greenhouse. (Scale bars: A = 0.82 cm; B = 6 cm.) 

Fig. 12.3 (A) Induction of Gentiana callus from stem segments cultured
on MS basal medium with 3% sucrose, 1 mg L–1 α-naphthalene acetic acid
(NAA), and 0.2 mg L–1 kinetin for 8 weeks. (B) Established suspension
cultures from the stem-derived cells.
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Fig. 12.4 Induction and multiplication of
multiple shoots in the nodal explants of
Polygonum multiflorum Thunb. Nodal explants
cultured for 6 weeks on MS basal medium
with 3% sucrose, 1% Difco agar, without
growth regulators. (A) With 0.2 ng L–1

α-naphthalene acetic acid (NAA); 
(B) 0.2 ng L–1 NAA and 0.5 mg L–1 benzyl-
adenine (BA); (C) 0.2 ng L–1 NAA and
1.0 mg L–1 BA; (D) 0.2 ng L–1 NAA and
2.0 mg L–1 BA; (E) 0.2 ng L–1 NAA and

4.0 mg L–1 BA; (F) 0.2 ng L–1 NAA and
8.0 mg L–1 BA; (G) 0.5 ng L–1 NAA and
2.0 mg L–1 BA; (H) 1.0 ng L–1 NAA and
2.0 mg L–1 BA; (I) 2.0 ng L–1 NAA and
2.0 mg L–1 BA; (J) 4.0 ng L–1 NAA and
2.0 mg L–1 BA; (K) 8.0 ng L–1 NAA and
2.0 mg L–1 BA; (L) in-vitro-propagated
plantlets transferred to autoclaved soil and
grown under greenhouse conditions with 
high humidity, after 2 weeks (M) and after 
3 months (N).
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Fig. 12.5 Salvia callus grown on MS basal medium supplemented
with 0.2 mg L–1 benzyladenine (BA) for periods of: (A) 8 days; 
(B) 16 days; (C) 24 days; and (D) 60 days.

Fig. 12.6 (A) Induction of multiple shoots from the internode explants
of Scrophularia yoshimurae. (B) Shoot proliferation from the node
explants.

Fig. 14.1 Types of recombinant antibody expressed in plants.
rAB = recombinant antibody; Fab = fragment antigen binding;
scFv = single chain Fv fragment. 
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Fig. 15.1 The “proglycan” nomenclature for
N-glycans. The upper two structures depict
typical mammalian and plant complex type N-
glycans, respectively. In the lower drawing the
non-terminal, invariable residues have been
uncolored and the invariable linkages are
omitted. The arrow in the upper left corner
points at the residue with which the listing of

terminal sugars starts. Superscript numbers
can be used to specify the linkage of sugars
where alternative linkages are possible. In the
case of sialylated complex type chains, the
term Na6-4 (an abbreviation of Na6-A4) means
that Neu5Ac is linked α2,6 to a galactose
which is itself in â1,4-linkage to the GlcNAc.
(See also www. proglycan.com.) 
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Fig. 15.2 Folding assistance by glycosyla-
tion-dependent chaperones. The unfolded
protein with a glucose residue at the non-
reducing end (large blue circle) is bound and
chaperoned by calnexin or calreticulin
(Parodi, 1999; Helenius and Aebi, 2001).
Glucosidase eventually removes this glucose
residue. If the protein has still not succeeded
in folding properly it is re-glucosylated by a
folding-sensitive glucose-transferase. Only
the correctly folded glycoprotein is allowed
to proceed to the Golgi body.

Fig. 15.4 Truly complex N-glycosylation 
on antibodies expressed in the moss Physco
mitrella patens. MALDI-TOF analysis of 
N-glycans released from antibody expressed
in a moss strain with unmodified plant-
specific glycosylation. Remarkably, almost all
structures are of the complex-type. While the
antibody shown here still contained plant
wild-type glycans with xylose and core-α1,3-

fucose residues, the production of proteins
lacking these two immunogenic sugar
residues has been successfully accomplished
with double knock-out strains of Physco
mitrella patens (Koprivova et al., 2004;
Huether et al., 2005; Jost and Gorr, 2005; 
M. Schuster et al., unpublished results; 
A. Weise et al., unpublished results).
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Fig. 15.5 O-linked poly-, oligo- and mono-
saccharides. Due to the bewildering structural
heterogeneity of plant O-glycans, and to the
difficulties of separating and analyzing these
glycans, the figures must be taken as arbitrary
selections from a large pool of related
structures. Structure A depicts a (rather
small) type II arabinogalactan polysaccharide
with additional sugars such as rhamnose and
glucuronic acid according to Tan et al. (2004).
Structure B shows a type III arabinogalactan
as found on a mugwort pollen allergen

(Leonard et al., 2005). Structure C represents
arabinan chains on adjacent Hyp residues
(Ashford et al., 1982), while D and E show the
mono-arabinose moieties found in timothy
grass and mugwort pollen allergens (Wicklein
et al., 2004; Leonard et al., 2005). Structure F
finally depicts the Gal-Ser motif thought to
occur in extensins and solanaceous lectins
(Lamport et al., 1973; Ashford et al., 1982).
Connecting lines between sugar symbols
indicate the linkage as specified in Figure
15.1.
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Fig. 16.1 Functional expression of a gene
involved in natural product biosynthesis. The
gene is putatively identified by bioinformatic
means, inserted into an expression vector.
Bacteria are transformed with the above
construct and induced to produce high levels

of active protein. The putative substrate is
administered under conditions that favor
catalysis, and conversion of the substrate to
the expected products confirms the identity 
of the gene. IPTG, isopropyl-â-d-thiogalacto-
pyranoside. 

Fig. 16.2 Overexpression of the Clarkia breweri S-linalool synthase (LIS)
in different plants and tissues results in the formation of different end
products.  
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Fig. 19.2 The genus Ophiorrhiza species distributed in Japan.

Fig. 19.3 Established tissue cultures of Ophiorrhiza liukiuensis, O. kuroiwai,
and O. pumila. (A) Aseptic plants cultured for five weeks on half-strength
MS medium containing 1% sucrose and 0.2% gellan gum in test tubes.
(B) Hairy roots cultured for four weeks in B5 liquid medium containing 2%
sucrose. (Reproduced from [22], with permission.)
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Fig. 19.6 Excretion of camptothecin into the culture medium. Hairy roots
cultured for four weeks in an Erlenmeyer flask were visualized under (A)
white light and (B) ultraviolet light at 302 nm. The strong fluorescence
under ultraviolet irradiation is due to camptothecin having been excreted
into the medium.

Fig. 19.7 (A) Hairy root growth of O. pumila in the 3-L bioreactor after
eight weeks’ culture. (B) Harvested hairy roots of O. pumila after
culture.
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Fig. 19.8 Camptothecin content of transgenic
regenerated plants from hairy roots. 
(A) Regeneration of transgenic O. pumila
plants from hairy roots. Regenerated shoots
emerged from hairy roots after five weeks of

culture under light conditions. (B) The shapes
of regenerated plants cultured on half-strength
MS medium containing 1% sucrose and 0.2%
gellan gum in test tubes.
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Fig. 21.1 Ginkgo biloba leaves. 

Fig. 23.3 A modified airlift bioreactor for artemisinin production from
A. annua L. hairy root culture. 
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Fig. 23.4 A nutrient mist bioreactor for artemisinin production from
A. annua L. shoot cultures.
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The Engineering of Medicinal Plants: Prospects and Limitations
of Medicinal Plant Biotechnology

Matthys K. Julsing, Wim J. Quax, and Oliver Kayser

1.1

Introduction

The use of medicinal plants is increasing worldwide. According to the World
Health Organization (WHO), approximately 80% of the world’s population cur-
rently uses herbal medicines directly as teas, decocts or extracts with easily access-
ible liquids such as water, milk, or alcohol [1]. Although modern synthetic drugs
are mostly used in developed countries, the use of herbal drugs in the western
world is well accepted, and a continuously high demand for plant material and ex-
tracted natural products can be observed. The top 10 ranked plants that have re-
ceived greatest interest in the USA and Europe over the past 30 years, and account
for over 50% of the over-the-counter (OTC) market, are listed in Table 1.1 [2]. It
should be noted that these plants are only partly of interest for biotechnology and

3

Table 1.1 Top ten ranked medicinal plants medicinal herbs most 
commonly used in the United States and Europe.

Species Use

Hypericum perforatum Anxiety, depression, insomnia

Echinacea purpurea Immune stimulation

Ginkgo biloba Dementia, Alzheimer’s disease, tinnitus

Sabal serrulata Benign prostatic hyperplasia

Tanacetum parthenium Migraine prophylaxis

Allium sativum Lipid-lowering, antithrombotic, fibrinolytic, anti-hypertensive,
anti-atherosclerotic

Zingiber officinalis Antiemetic

Panax ginseng Tonic, performance enhancer, “adaptogen”, mood enhancer

Valeriana officinalis Sedative, hypnotic, anxiolytic

Ephedra distachya Asthma, rhinitis, common cold, weight loss; enhancer of athletic
performance

Medicinal Plant Biotechnology. From Basic Research to Industrial Applications
Edited by Oliver Kayser and Wim J. Quax
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN 978-3-527-31443-0



genetic modification, and today approaches of medicinal plant biotechnology focus
more on distinct natural products and biosynthetic pathways. The main reason for
this is that genetically modified plants as a source for extract preparations and for
manufactured pharmaceuticals available in the pharmacy are not accepted by pa-
tients and consumers. Because of a gaining popularity for phytotherapy, and the
wishful thought that products obtained from Nature are safe, patients do not con-
sider genetically modified plants as a part of this philosophy. Hence, the approach-
es of medicinal plant biotechnology currently focus more on distinct natural prod-
ucts and biosynthetic pathways.

It is not only plants that are of great interest to the pharmaceutical industry, but
also defined natural products. This situation is supported by the fact that some
25% of all drugs dispensed during the 1970s in the USA contained compounds ob-
tained from higher plants [3]. Moreover, 11% of the 252 drugs considered to be ba-
sic and essential by the WHO are isolated and used directly from plant sources [4].
In addition, approximately 40% of pharmaceutical lead compounds for the syn-
thetic drugs used today are derived from natural sources. It is due to this renewed
interest in the use of plant sources in drug discovery that in this book we have in-
cluded Chapter 6, which highlights the prospects and potential of plant-based nat-
ural products.

Today, only 10% of all medicinal plant species used are cultivated, with by far the
larger majority being obtained from wild collections. Harvesting from the wild may,
however, becomes problematic, as was seen in the case of Podophyllum and Taxus
species, for Piper methysticum, for Cimicifuga racemosa and for Arctostaphylos uva-
ursa, whereby both loss of genetic diversity and habitat destruction occurred. It is al-
so not well known that conventional plant breeding methods are of major impor-
tance in medicinal plant biotechnology, due to improving agronomic and medicinal
traits – a point which is discussed in Chapter 18. Thus, the domestic cultivation of
medicinal plants is a well-accepted way in which to produce plant material. More-
over, such an approach also helps to overcome other problems inherent in herbal
extracts, such as the standardization of extracts, variability of the plant material,
minimization of toxic constituents and contaminations, increasing the content of
the desired constituents, and breeding according to internationally accepted Good
Agricultural Practise (GAP) guidelines. Hypericum perforatum and Gingko biloba are
two examples of top-selling plants which have been cultivated for many years by Eu-
ropean and American phytocompanies, and consequently are not greatly threatened
by wild harvesting.

From this background the question arises as to whether there is a need for bio-
technology and gene technology for medicinal plants. From its narrow definition,
biotechnology does not focus on medicinal plants, and therefore it should be ac-
cepted in a broader sense. With regard to medicinal plants, biotechnology could be
described as a method for enhancing the formation and accumulation of desirable
natural products, with possible product modification in medicinal plants. Micro-
propagation, cell and hairy root culture as well as gene technology are all important
techniques for plant propagation, but these are mostly used to improve the produc-
tion and yield of desired natural products. Two well-described examples of this are
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artemisinin and paclitaxel, both of which are available in plants, albeit in only
small quantities. As a consequence, not only are both natural products expensive,
but Taxus species in the Himalaya region are also endangered due to unsustain-
able cutting and collection [5]. In an attempt to overcome these problems for both
drugs, intensive research is being carried out worldwide, including combinatorial
biosynthesis (see Chapter 13), or improved bioprocessing in bioreactors for both
artemisinin (see Chapter 23) and paclitaxel (see Chapter 22).

The application of biotechnological techniques to medicinal plants has received
considerable interest, especially when the final product is defined, purified, and
natural. The manipulation of medicinal plants is well known and accepted both by
scientists and consumers, if the pathways and product yield can be optimized to
create precursors for semisyntheses (e.g., baccatin-III to paclitaxel), food compo-
nents (e.g., vitamins), pesticide residence (e.g., Atropa belladonna [6,7]), and cellu-
lar storage conditions, as shown for Mentha ×piperita with enhanced resistance
against fungal attack and abiotic stress [8].

1.2

Genetic Transformation and Production of Transgenic Plants

The use of biotechnological tools in medicinal plant science is very limited as com-
pared to other crops. However, in recent years the engineering of agronomic traits
in medicinal plants led to interesting developments for genetic transformation,
both in vivo and in vitro. Genetic transformation with bacterial vector systems has
been widely used for several medicinal plants, including Artemisia annua, Taxus
sp., Papaver somniferum, Ginkgo biloba (Chapter 21), and Camptotheca acuminata
(Chapter 7), and species from the Solanaceae (Chapter 11), as reviewed in several
chapters. Efficient gene vector systems are intensively discussed in Chapter 8,
while the production of high-value phytochemicals is reviewed in Chapter 9.

The commercialization of many genetically engineered plants and plant prod-
ucts is currently being actively pursued by biotechnology and seed companies, and
many genetically engineered plants are presently field-tested to determine their po-
tential for commercialization. It remains an open question, however, as to which
role transgenic medicinal plants will have in the future. Do we accept medicinal
plants in the genomic era only as a source of chemicals, and should they acquire a
new role as a genetic source or host for heterologous genes? An opportunity to dis-
cuss this question arises in Chapter 14, where the subject is plantibodies, while
some answers – as well as further questions – are provided in Chapter 16.

1.3

Pathway Engineering and Combinatorial Biosynthesis

Increasing the production of pharmacologically attractive natural products repre-
sents on the main targets for the genetic manipulation of medicinal plants. An in-
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creasing number of natural products are being biosynthesized in low quantities,
with known examples being artemisinin, paclitaxel, podophyllotoxin, and Vinca-al-
kaloids. The use of genetically modified plant cell cultures, such as hairy root cul-
tures for Solanaceae (see Chapter 11) or for artemisinin (see Chapter 23), offers a
rational approach to allow the overexpression of genes encoding biosynthetic en-
zymes, and to overcome the rate-limiting steps of the biosynthesis.

Combinatorial biosynthesis is a new tool in the generation of novel natural prod-
ucts, as well as for the production of rare and expensive natural products, and is ex-
plained and illustrated in detail in Chapter 13. The basic concept of combinatorial
biosynthesis is to combine metabolic pathways in different organisms at the genet-
ic level. Combinatorial biosynthesis is discussed for important classes of natural
products, including alkaloids (vinblastine, vincristine), terpenoids (artemisinin,
paclitaxel), and flavonoids. The main problem with combinatorial biosynthesis,
however, is that most biosynthetic pathways are still poorly understood at the ge-
netic level, with relatively few genes involved in regulation and biosynthesis in
plants having been sequenced and functionally elucidated. Therefore, no complete
biosynthetic pathway has been completely transferred to a heterologous host. Al-
though today, for economic reasons, crops are at the focus of this new technology,
in the future these new genomic approaches will be expanded, in both range and
precision, to the area of medicinal plants and the development of secondary path-
ways of metabolism.

1.4

Bioprocessing

Although plant breeding and cultivation is widely accepted (for a review, see Chap-
ter 18), the lack of consistency in the levels of bioactive chemicals in herbal medi-
cines has been a crucial point, and variations in secondary metabolite production
will certainly contribute to this problem. Plant tissue culture growth of medicinal
plants can also be scaled-up using continuous culture systems such as “bioreac-
tors”, which would allow the automated, high-level isolation of medicinal secon-
dary products. In this book, three chapters outline the possibilities and limitations
of today’s bioprocessing techniques with regard to the latest applications. These
are made on a general basis in Chapters 7 and 15, and more specifically for the pro-
duction of paclitaxel and artemisinin in Chapters 22 and 23, respectively. The bio-
chemistry, enzymology and physiology of medicinal plant biotechnology, in addi-
tion to bioreactor design and the application of proteomics and genomics, repre-
sent other areas to be understood. For example, various points in a given metabol-
ic pathway can be controlled simultaneously, either by overexpression and/or sup-
pression of selected enzymes, or through the use of transcriptional regulators to
control endogenous genes. Thus, multipoint metabolic engineering offers a new
perspective for improving the production of plant-based chemotherapeutics, and
this topic is discussed extensively in Chapter 7.
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1.5

Plant Propagation

Biotechnological tools are important in order to select, multiply and conserve the
critical genotypes of medicinal plants. In this book, plant tissue culture techniques
are discussed in Chapters 8 and 12 as integrated approaches for the production of
standardized quality phytomedicines, through the mass production of consistent
plant material for physiological characterization, and the analysis of active ingre-
dients. Micropropagation is the practice of rapidly multiplying stock plant materi-
al to produce large numbers of progeny plants by using modern plant issue culture
methods. Protocols for the cloning of some medicinal plants such as Catharanthus
roseus (Apocynaceae), Chlorophytum borivilianum (Liliaceae), Datura metel (Solana-
ceae), and Bacopa monnieri (Scrophulariaceae) have been developed and are dis-
cussed in part in Chapters 9, 11 and 19. The integrated approaches of plant culture
systems will provide the basis for the future development of novel, safe, effective,
and high-quality products for consumers.

1.6

Bioanalytics and Metabolomics

Despite recent advances in biotechnology, combinatorial biochemistry, and high-
throughput screening, natural products from plants continue to serve as a major
source of new chemical entities for pharmaceutical research. Although these new
biotechnological approaches have allowed the creation of new and, in part, semi-
natural products, the new innovative discipline of metabolomics will clearly open
the door to explore thousands of plants and their constituents. What can be expect-
ed of metabolomics, and whether this new discipline will keep its promise, re-
mains a matter of dispute, and is discussed in Chapter 2.

Recently developed analytical techniques are capable of identifying and structu-
rally elucidating major constituents in a single plant, or assessing a single biologi-
cal activity in in-vitro assays in parallel. Consequently, the potential of even relative-
ly thoroughly investigated plants must be regarded as still largely unexplored. In
order to overcome this problem and to accelerate the discovery process of map-
ping, the chemical diversity of plants is therefore of utmost importance, and this
can only be achieved if new spectroscopic and genetic methods for the rapid dere-
plication of natural products from plant extracts is developed. Highlights of the lat-
est LC-NMR techniques of spectroscopic analysis are discussed in Chapter 3, while
genetically based techniques for DNA profiling of medicinal plants are reviewed in
Chapter 5.
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1.7

Future Prospects

The commercial viability of biotechnology and gene technology in medicinal plant
research is strongly influenced by the common perception of both, the plant and
biotechnology. As outlined above, genetically modified medicinal plants lose their
“natural” status, and are considered – erroneously – by the public as unsafe and
dangerous. The crop industry learned its lesson following the rejection in Europe
of genetically modified crops that were introduced into the food chain. Clearly,
companies producing herbal compounds would face the same problems in obtain-
ing permission to conduct farm-scale trails, to document the safety of the final
product, and to overcome the in-principle resistance of the consumer as a strong
and perhaps immovable barrier [9].

Within an open scientific environment, the discovery and development of botan-
ical therapeutics and medicinal plant biotechnology must be accepted, as its expan-
sion is very unlikely to cease. It is difficult to predict the future for medicinal
plants, but it is likely that herbal drugs, isolated natural products and recombinant
low- and high-molecular weight products will hold at least the same significance.
Plants, as a renewable source with low energy consumption that can offer complex
biochemical syntheses, will be even more compatible in the future. Although the
real potential of plants remains unexplored, we hope that with this book we can
perhaps at least “scratch the surface” slightly to provide a better understanding of
medicinal plant biotechnology, as well as its possibilities and limitations.
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2

Metabolomics

Young Hae Choi, Hye Kyong Kim, and Robert Verpoorte

2.1

Introduction

With the sequence of the genome of several organisms having been determined,
and the speed of sequencing other genomes increasing, the emphasis of genomics
is now moving towards investigations of genome function. Today, the question of
the function of every single gene remains unanswered. To solve this problem it
may be possible to knock out or silence every gene, but in many cases this would
result in a non-viable organism. It may also be possible to examine expression pat-
terns and to compare these with the phenotype under conditions in which the
genes are expressed. In all cases, characterization of the phenotype is the key to
understanding the function of the gene(s) of interest. Phenotype characterization
can be achieved by means of morphological observation, or by using chemical and
biochemical approaches. Biochemical characterization is achieved by proteomics,
while chemical characterization is covered by metabolomics (Fiehn et al., 2000a;
Schwab, 2003; Sumner et al., 2003).

Metabolomics is the youngest of the so-called “omics” methods, and ultimately
concerns the analysis of all metabolites in an organism. To achieve this, a number
of diverse approaches can be used (Fig. 2.1):

• Metabolomics aims at measuring all metabolites in an organism, both qualitative-
ly and quantitatively. In studies of human or mammalian pathogenesis involv-
ing the analysis of materials such as urine and serum, this is referred to as me-
tabonomics.

• Metabolic profiling aims at measuring a selected group of metabolites in an or-
ganism.

• Metabolic fingerprinting aims at measuring a “fingerprint” of the metabolite(s) in
an organism, but without identifying all of the compounds present.

The major differences between these approaches are in the choice of whether to
identify (all) compounds qualitatively and quantitatively in an organism, or to de-
termine differences in metabolite content, followed by the identification of differ-
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ent compounds. When examining a single compound or a well-defined group of
compounds, this is considered to constitute a “targeted” approach.

Proteomics provides a view of the proteins present in an organism, by means of
a suitable separation method. Two-dimensional (2D) gel electrophoresis is the
most widely used (Jacobs et al., 2000), and from the patterns of the gel separation
conclusions can be drawn on the overexpressed proteins under certain conditions.
Subsequently, the proteins that seem of interest are hydrolyzed into peptides to de-
termine their molecular weight and amino acid sequence, using mass spectrome-
try. When these sequences are resolved, the available large public databases can be
screened for homologous peptides and/or genes and, based on homology with
known peptides, a function of a protein may be proposed. Further proof is re-
quired, however, by using (bio-)chemical studies. Unfortunately, when investigat-
ing an organism in the absence of any information with regard to its genome se-
quence, many unknown peptides will be encountered, and this may require the en-
coding gene to be cloned, in order to determine its function. This will be an elab-
orate task, and consequently in non-sequenced organisms it might be possible to
follow another strategy, by directly linking the transcriptomics (mRNA patterns)
with the metabolomics data.

Hence, metabolomics is an important tool in functional genomics. In addition to
this basic scientific approach, metabolomics has been applied to a wide array of
other fields. For example, it is an important tool for the chemotaxonomy of botan-
icals, or for studying the equivalence of genetically modified and wild-type organ-
isms, especially in the case of plants. Metabolomics also represents a major diag-
nostic tool, for example in the analysis of urinary metabolites using nuclear mag-
netic resonance (NMR) spectrometry in order to diagnose disease. Today, in drug
development, metabonomics is used as a major means of detecting the toxicity of
novel compounds on the kidney and liver, and more recently has attracted much
attention from systems biology approaches to drug development. The different as-
pects of metabolomics will be discussed in detail in the following sections.
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Fig. 2.1 Possible approaches
to metabolomic analysis.



2.2

Analytical Methods

The ultimate goal of metabolomics is to measure all of the metabolites in an organ-
ism. However, the first question to be asked is how many metabolites are present
in an organism? Although the answer is not known, it is possible to make an esti-
mation, and it is commonly regarded that in any single organism there will be
about the same number of metabolites as there are genes. Not all genes are in-
volved in metabolism, but this is compensated for by a number of proteins being
able to catalyze several reactions. Consequently, in a single plant approximately
30 000 low molecular-weight compounds should be present. To date, the best-stud-
ied plant is most likely tobacco, the number of identified compounds in tobacco
leaves numbering approximately 3000. Within an organism, the metabolites repre-
sent a broad range of polarities and quantities, with some being highly labile.
Hence, the aim of analyzing all of these compounds both qualitatively and quanti-
tatively in a single operation is unrealistic, and cannot be achieved by any single an-
alytical method, as each method has specific limitations.

In the case of metabolomics, the analytical tools available can be allocated to
three major groups:

• Chromatographic methods: thin-layer chromatography (TLC), gas chromatogra-
phy (GC), GC-mass spectrometry (MS), high-performance liquid chromatogra-
phy (HPLC), HPLC-photodiode array (PDA) detector, HPLC-MS, and capillary
electrophoresis (CE).

• Mass spectrometry, including MS and coupled MS-MS.
• NMR spectrometry.

2.2.1

Chromatography

Chromatographic methods have the advantage of sensitivity and specificity as they
can be combined with selective detectors (MS for GC, and photodiode array detec-
tion, MS and NMR in case of HPLC) (Table 2.1).

2.2.1.1 Gas Chromatography (GC)
Although GC requires that compounds be volatile, many are neither volatile nor
thermostable, and therefore require derivatization (e.g., acetylation, methylation,
trimethylsilylation) prior to GC-analysis. This is an elaborate procedure which is al-
so poorly reproducible for many compounds. The major advantage of GC is the
large number of compounds that can be separated in a single analysis, and the
large dynamic range (i.e., a rather broad range of quantities can be measured).
Coupling GC with MS renders the method highly selective (e.g., with selective ion
monitoring). Although MS detection is very sensitive, each compound has a differ-
ent sensitivity, and consequently calibration curves are required for every com-
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pound if absolute amounts of all metabolites are to be determined. GC-(MS) has
proven successful in the analysis of the Arabidopsis metabolome, whereby over
1000 compounds were detected, about half of which were identified. GC-MS has
been used for more than 40 years for targeted approaches, and consequently exten-
sive databases of MS data in combination with GC-retention time data exist (e.g.,
NIST, AMDIS). These targeted approaches may relate to terpenoids (essential oils,
steroids) and fatty acids (a field now also known as “lipidomics”). The main draw-
backs of GC analysis is that the sample preparation methods are quite elaborate,
and the average time required for a single analysis is over 1 h. Thus, high-through-
put analyses are only feasible by using many GC instruments in parallel. A pos-
sible standard protocol for GC-MS analysis was developed by the Max Plank
Institute of Molecular Plant Physiology (http://www.mpimp-golm.mpg.de/mms-
library/details-e.html) (see Box 2.1).

12 2 Metabolomics

Table 2.1 Description of chromatographic methods used in metabolomics.

Methods Target Sample Reprodu- Resolution Detector 
metabolites preparation cibility

TLC General Simple Low Low UV, MS,  color reagents

GC Nonpolar Elaborate Medium High FID, TCD, NPD, MS
(low molecular) derivatization

HPLC Polar Elaborate Medium Medium UV, RI, MS, ELSD,
(chromophore) fluorescence, NMR

CE Ionic – Medium High UV, MS

ELSD, evaporative light-scattering detector; FID, flame ionization detector; 
NPD, nitrogen-phosphorus detector; RI, refractive index detector; TCD, thermal 
conductivity detector.

Box 2.1 Derivatization method for GC-MS metabolomics 
(http://www.mpimp-golm.mpg.de/mms-library/details-e.html)

• Add 80 µL methoxyamine hydrochloride in pyridine (20 mg mL–1) to dried sample
extract for protection of carbonyl moieties and react at 30 °C for 90 min.

• Afterwards add 80 µL N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) for TMS
derivatization and react at 37 °C for 120 min.

• GC column; SPB 50 (polysiloxane column coated with 50% methyl and 50% phenyl
groups, 30 m×0.25 mm)

• Injection temperature 230 °C

• Interface temperature 250 °C

• Ion source temperature 200 °C

• Helium flow rate 1.0 mL min–1

• Oven temperature; after a 5-min solvent delay time at 70 °C, oven temperature
increased at 5 °C min–1 to 310 °C, 1 min isocratic, cool to 70 °C followed by an additional
5-min delay.



2.2.1.2 High-Performance Liquid Chromatography (HPLC)
HPLC is the other widely used separation method for the analysis of metabolites,
and can be used for both targeted and non-targeted approaches. Most often, HPLC
is combined with a PDA detector, which allows recording of the ultraviolet (UV)
spectra of all compounds, thus adding selectivity to the system. Unfortunately,
many metabolites have no UV-absorption (e.g., many primary metabolites such as
sugars, amino acids, compounds involved in tricarboxylic acid cycle, lipids, and
terpenoids). However, by combining HPLC with MS these compounds can be
identified, simultaneously adding further selectivity to the system. The sensitivity
of HPLC-MS varies for all compounds, with sugars notably difficult to detect. For
all HPLC-applications, quantitative analysis can only be achieved by creating cali-
bration curves for each individual compound.

One important limitation of HPLC lies in the polarity window of the method.
Typically, a metabolome will contain not only very nonpolar compounds that are
insoluble in water and alcohols, but also highly polar compounds. Consequently,
in order to cover the complete metabolome, several different systems must be em-
ployed. The number of compounds that can be separated in a gradient HPLC-sys-
tem is between 100 and 200, though when combined with MS this number in-
creases considerably, as overlapping peaks of different molecular weights can be
observed as separate compounds in the MS.

As with all chromatographic methods, a major problem for HPLC is the repro-
ducibility of separations. This occurs for several reasons, including small differ-
ences in parameters such as temperature and solvent quality, while matrix effects
of the complex sample extract may influence the retention behavior of the com-
pounds. In addition to possible small differences in batches between columns of
the same manufacturer, the quality of the separation column will gradually deteri-
orate during prolonged use. Finally, novel columns are being introduced continu-
ously to the market, replacing previous versions. Consequently, separations per-
formed some years ago can no longer be reproduced, and this leads to major prob-
lems of analysis time when characterizing an organism’s metabolome. Clearly, as
metabolomics require methods that can be used internationally by research work-
ers over many years, it is essential that public metabolomic databases (similar to
those available for proteins and genes) are developed, and this requires long-term
reproducibility of the analytical data. In this regard, several commercial alignment
programs (e.g., LineUP; Infometrix Inc., Bothell, WA, USA; www.infometrix.
com) and MetAlign (Plant Research International, Wageningen, The Netherlands;
www.pri.wur.nl), as well as “home-made” programs (e.g., Nielsen et al., 1998;
Chen et al., 2003; Duran et al., 2003), have been designed to overcome such prob-
lems of reproducibility. However, although these programs may correct for day-to-
day variations, they cannot overcome the problem of altered selectivity when col-
umn materials are produced in a different manner, or are modified (“improved”).
For the analysis of a large number of compounds over a broad polarity range, a gra-
dient program will typically take 30–60 min, though with novel equipment, using
smaller-particle columns, this may be reduced to between 5 and 20 min. Hence,
high-throughput analysis is not really feasible.
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2.2.1.3 Capillary Electrophoresis (CE)
CE, which has also been applied to the analysis of metabolomes, has a very high
resolution power, particularly for ionic compounds, when compared to other chro-
matographic methods. Moreover, its direct coupling to MS further contributes to
the selectivity and provides a sensitive detection method. However, it is inherently
limited to ionic compounds such as alkaloids, amino acids, or organic acids (Ishii
et al., 2005).

2.2.1.4 Thin-Layer Chromatography (TLC)
TLC has a large potential to detect diverse group of compounds using a wide array
of detection methods, including UV and coloring reagents. Although high-perfor-
mance thin-layer chromatography (HPTLC) has a higher efficiency, the low resolu-
tion and reproducibility remain the limiting factors in its use for metabolomics.
For metabolic fingerprinting, TLC has been used for more than 45 years in the
quality control of botanicals.

2.2.2

Spectroscopy

2.2.2.1 Mass Spectrometry (MS)
MS detects the molecular ion of a compound after ionization and, if desired, also
the fragmentation of that molecular ion. MS analysis in metabolomics uses separ-
ation of the compounds based on their molecular weight. By using high-resolution
MS, compounds with different elemental formula but similar mass can be separ-
ated. Assuming that the molecular weights of the metabolites which together form
the metabolome are in the range of about 50 to 2000, MS can separate about 2000
compounds. In complex mixtures, individual compounds will be detected on the
basis of their molecular weight, but clearly there will be an extensive overlap of
compounds with the same molecular weight. However, by using tandem MS-MS,
greater selectivity can be obtained through the specific fragmentation of each com-
pound. An example of an HPLC-MS analysis of a plant extract (Ginkgo biloba) is
shown in Figure 2.2 (Choi et al., 2002).

MS is a very selective – and also possibly the most sensitive – method for metab-
olome analysis. However, the problems of reproducibility and quantitation are, as
with chromatographic methods, the major constraints. Because of the different
types of mass spectrometer available, the many possible variations in operating pa-
rameters, and also effects of the matrix on ionization, reproducibility is a major
problem. Moreover, the efficiency of ionization of different compounds varies
enormously, and may depend upon the presence of other compounds. Thus, quan-
titative analysis requires calibration curves for all compounds. Because MS spec-
trometry is a rapid process, a large number of samples can be analyzed per time
unit (up to ca. 10 samples per hour). High-throughput analysis is thus feasible by
means of MS. The most frequently used ionization methods of MS used in metab-
olomics are listed in Table 2.2.
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Fig. 2.2 Total ion current chromatogram of Ginkgo biloba extracts
obtained with acetone:water (1 : 1) and the mass spectra of the
major ginkgolic acids (1, 2, and 3) (Choi et al., 2002).

Table 2.2 Ionization methods in MS spectrometry used for metabolomics.a

Methods Target Possible Advantages Disadvantages 
metabolites chromato-
[MW range] graphic 

methods 
connected

EI Nonpolar GC Identification using Low sensitivity of 
(<500 MW) fragmentation molecular weight of 

polar metabolites

API ESI Polar HPLC, CE High sensitivity of Limitation of polarity
(<100000 MW) molecular weight of metabolites

of polar metabolites

API APCI Medium polar HPLC Detection of metab- Limitation of MW of 
(<1000 MW) olites soluble in metabolites

nonpolar solvents

MALDI Polar HPLC Detection of Lower sensitivity of 
(<100000 MW) peptides and low molecular 

proteins weight metabolites

a Resolution varies depending on separators (e.g., quadrupole, ion trap, time of flight).

APCI, Atmospheric chemical ionization; API, Atmospheric ionization; 
EI, Electron impact; ESI, Electrospray ionization; 
MALDI, Matrix-assisted laser desorption.



2.2.2.2 Nuclear Magnetic Resonance (NMR) Spectrometry
NMR spectrometry is a physical measurement of the resonance of magnetic nuclei
such as 1H and 13C in a strong magnetic field. Because of small local differences in
the magnetic field in a molecule, each proton and carbon will show a different res-
onance, resulting in a highly specific spectrum for each compound. Such a spec-
trum is highly reproducible, and in 1H NMR the intensity of a signal of a proton is
directly correlated with the molar concentration – that is, all compounds in a mix-
ture can be compared, without the need for a calibration curve. One single internal
standard can be used to make the quantitative analysis of all compounds in a mix-
ture. Thus, both in terms of reproducibility and quantitation, 1H NMR spectrome-
try has a major advantage over chromatographic methods and MS. Many previous
reports (see also Chapter 3) have shown that the specific characteristics of NMR
make it an excellent tool for a macroscopic, non-targeted analysis of the total me-
tabolome (Ward et al., 2003; Choi et al., 2004a,b,c, 2005, 2006; Hendrawati et al.,
2006; Khatib et al., 2006; Yang et al., 2006).

The main disadvantage of NMR is that it is less sensitive than the other methods
mentioned. Typically, the amount of material needed for an NMR analysis is about
50 mg biomass (dry weight), though in practice this is similar to what is required for
the other methods. For NMR the complete extract is needed for non-destructive
analysis, after which the sample can be kept for further analysis. In contrast, in oth-
er methods only part of the extract is used for the analysis, though this is destructive
and requires back-up material for future use. The sensitivity of NMR can be im-
proved by increasing the measuring time, and also by improving the spectrometer
(e.g., cryo- or coldprobe), and this has been achieved in recent years. In NMR a high-
er field strength of the magnet improves sensitivity, and also influences the spec-
trum of a compound; the stronger the field the better the separation of the signals,
and second-order spectra become first-order. This may hamper direct comparison
of spectra recorded at different field strengths, but the problem can be resolved by
using two-dimensional (2D)-NMR spectrometry. A 2D-J-resolved spectrum shows
in the second dimension the coupling constants of each proton signal as a set of sig-
nals at the chemical shift of the proton. By projection of these signals onto the
chemical shift axis, all proton signals become singlets (Hendrawati et al., 2006; Kha-
tib et al., 2006; Yang et al., 2006). An example of an application of projected J-re-
solved spectra to the tobacco metabolome analysis (Choi et al., 2006) is shown in
Figure 2.3. In this way the resolution is improved, but more importantly the project-
ed spectrum is independent of the field strength, which makes this a constant char-
acteristic suitable for long-term inclusion into a public database. The disadvantage
of this approach is that signals can no longer be compared quantitatively, although
relative comparison for one compound in different mixtures is still possible.

An advantage of NMR spectroscopy is that the time required to record a 1H NMR
spectrum is quite short (depending on the equipment and concentration of the
sample, a 1H NMR spectrum can be obtained within 10 min), which makes high-
throughput analysis an option. As NMR spectra are recorded in solution, there is a
limitation to the polarity range that can be covered using this technique. At least
two different solvents are needed to cover the nonpolar and polar compounds. In
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order to cover the diverse polarity of metabolites, a two-phase extraction method
using a mixture of chloroform, methanol and water has been applied to plant me-
tabolomics (Choi et al., 2004a,b,c, 2005). In order to reduce preparation time, a
simple direct extraction method using deuterated NMR solvents has been devel-
oped for sample preparation (Choi et al., 2006; Hendrawati et al., 2006; Khatib et
al., 2006; Yang et al., 2006).

172.2 Analytical Methods

Fig. 2.3 (a) 1H NMR, (b) 2-D-J-resolved, and (c) projected 1-D-J-resolved
spectrum of healthy Nicotiana tabacum leaves in the range of ä 6.25–ä
6.50, showing the signals of isomeric chlorogenic acids (Choi et al., 2006).



NMR results obtained using correct sample preparation allow a direct compari-
son of all compounds present. The data obtained also have all the desired charac-
teristics needed for inclusion into a public database on metabolomic data.

2.2.3

Identification of Metabolites

One problem in metabolomic studies of new organisms is the identification of all
metabolites. Many can easily be recognized by comparison with databases of well-
known primary metabolites occurring in most living cells. However, particularly in
chemically advanced organisms such as plants, secondary metabolism is very well
developed and produces a wide variety of species-specific compounds. Retention
behavior in chromatography, UV spectra and mass spectra are useful to identify
well-known compounds, but in the case of rare or novel compounds further struc-
ture elucidation is necessary.

NMR-spectrometry is by far the most powerful tool for structure elucidation. For
1H NMR spectra, only small amounts of material are needed, and direct coupling
with liquid chromatography (LC) provides good spectra that can help to determine
the structure. For more complex compounds, however, 13C NMR spectra and vari-
ous 2D-NMR spectra are needed to establish the carbon skeleton of the molecule
and determine the positions of the protons. This requires larger amounts of mate-
rial, which can be obtained by preparative chromatography, or repeated analytical
chromatography and collection of the peak(s) of interest, for example on a solid-
phase extraction column(s) (LC-SPE-NMR). In crude extracts using NMR-metabo-
lomics, much information can be acquired by applying various 2D-NMR spectro-
metric methods such as correlated spectroscopy (COSY, to reveal proton–proton
couplings), 2D-J-resolved spectra (to show the coupling constants of various proton
signals), heteronuclear multiple quantum coherence (HMQC, to determine direct
proton–carbon couplings), and heteronuclear multiple bond coherence (HMBC, to
determine long-range proton–carbon couplings). These methods can in fact also
be used as a metabolomics tool as they allow more compounds to be quantified. An
example of the identification of metabolites in Brassica rapa leaves using 2D-NMR
spectrum is shown in Figure 2.4 (Liang et al., 2006).

2.2.4

Sample Treatment

A key step in the analysis of a metabolome is the sample preparation. This includes
all steps from harvesting, extracting and sample purification prior to the actual
analysis. Each of these steps must be optimized and validated for a reliable repro-
ducible analysis.

The first step is to collect the material which, in order to avoid any (bio)chemical
change in the material, should be frozen immediately after harvesting. In plants,
for example, immediately after harvesting a defense reaction will occur in the cells,
which includes the hydrolysis of glycosides and oxidation of phenolics that subse-
quently bind to cell walls.
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Fig. 2.4 Heteronuclear multiple bond
coherence (HMBC) spectrum of aromatic
moiety of phenylpropanoids of Brassica rapa
leaves in the range of ä 6.60–ä 7.30 of 1H and
ä 100–ä 150 of 13C, showing the long-range
C–H couplings. 1: H-2′/C-6′ of compound 4.
2: H-2′/C-7′ of compound 4. 3: H-2′/C-3′ of
compound 4. 4: H-2′/C-4′ of compound 4. 
5: H-6′/C-2′ of compound 4. 6: H-2′/C-6′ of
compound 2. 7: H-2′/C-3′ of compound 2. 
8: H-6′/C-7′ of compound 4. 9: H-2′/C-7′ of
compound 2. 10: H-2′/C-4′ of compound 2.
11: H-6′/C-4′ of compound 4. 12: H-2′ and
6′/C-2′ and 6′ of compound 5. 13: H-6′/C-2′

of compound 2. 14: H-2′ and 6′/C-1′ of
compound 5. 15: H-2′ and 6′/C-4′ of
compound 5. 16: H-6′/C-7′ of compound 2.
17: H-6′/C-4′ of compound 2. 18: H-2′ and
6′/C-7′ of compound 5. 19: H-2′ and 6′/C-3′
and 5′ of compound 5. 20: H-6′/C-2′ of
compound 1. 21: H-2′/C-6′ of compound 1.
22: H-5′/C-1′ of compound 4. 23: H-2′/C-4′ of
compound 1. 24: H-6′/C-4′ of compound 1.
25: H-2′/C-7′ of compound 1. 26: H-6′/C-5′ of
compound 1. 27: H-6′/C-7′ of compound 1.
28: H-5′/C-3′ of compound 4. 29: H-5′/C-4′ of
compound 4. 30: H-2′/C-3′ of compound 1
(Liang et al., 2006).



The next step is to grind the material to liberate the metabolites from the cells.
Cells of microorganisms can be destroyed by using a French press, but plant ma-
terial containing lignified cells requires mechanical grinding. During the extrac-
tion, (bio)chemical reactions may occur in the material, resulting in changes in the
metabolome. This can be avoided by drying the material before extraction (either
by heat or freeze-drying), keeping the material at low temperature, or grinding in
the presence of a solvent that denatures enzymes which could convert the metab-
olites. Denaturation can also be achieved by a brief microwave treatment.

To extract the metabolites, a broad spectrum of solvents can be used. Nonpolar
solvents (e.g., hydrocarbons), medium-polar solvents (e.g., ethyl acetate, diethyl
ether, chloroform, dichloromethane), and polar solvents (e.g., methanol, ethanol,
water), and any combination of these solvents can be used. Each group will extract
a different type of metabolite(s); some metabolites will completely dissolve in a cer-
tain solvent, but others only partly. pH is also a factor that affects the profile of me-
tabolites extracted; for example, alkaloids are soluble in nonpolar solvents at high
pH, and in aqueous solvents at low pH. A two-phase solvent system consisting of
chloroform:methanol:water (2 : 1 : 1) has been used to extract both polar and nonpo-
lar compounds in a single extraction (Choi et al., 2004a,b,c, 2005) (see Box 2.2).

This method was also applied to metabolic analysis for plant cell culture materi-
als after washing the materials with deionized water (Suhartono et al., 2005), while
a modified method with addition of NH4OH was used for benzylamine alkaloids
(Kim et al., 2005).

This two-phase extraction method was found to be problematic, however, when
handling large numbers of samples because of the long processing time. Hence, a
simple direct extraction method was developed for sample preparation, using deu-
terated NMR solvents (Choi et al., 2006; Hendrawati et al., 2006; Khatib et al., 2006;
Yang et al., 2006) (see Box 2.3).

For the metabolic profiling of Strychnos species (Frédérich et al., 2004), metha-
nol-d4 containing trifluoroacetic acid was used, with the analysis focusing on the
indole alkaloids.

For chromatographic analytical methods, the sample must be dissolved in a sol-
vent that is suitable for injection into the GC or HPLC system. For HPLC, the sol-
vent must be closely related to the eluent of the HPLC-separation system. For GC
analysis, derivatization is required, and several different methods have been re-
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Box 2.2 Two-phase extraction method for NMR analysis (Choi et al., 2004a,b,c, 2005).

• Add 2 mL chloroform, 1 mL methanol, and 1 mL water to 50–100 mg plant material.

• Ultrasonicate for 5 min, then centrifuge at 3000 rpm (1300 g) for 20 min at 4 °C.

• Take upper phase of methanol-water fraction and lower phase of chloroform-methanol
fraction.

• Evaporate both fractions using rotary evaporator and add 1 mL chloroform-d to
chloroform-methanol fraction and 1 mL of methanol-d4 and H2O-d2 (KH2PO4 buffer, pH
6.0) to methanol-water fraction for NMR measurements.



ported for this purpose (Fiehn et al, 2000b; Roessner et al., 2000). In the case of
NMR, direct measurement in aqueous systems is possible (e.g., direct analysis of
urine by NMR spectrometry), though better results are obtained using deuterated
solvents. These solvents can be used for the primary extraction of the material,
which is a simple and rapid method suited to high-throughput metabolome analy-
sis. For MS analysis, different approaches can be used, for example injection of the
dissolved extract or applying the extract on a sample probe introduced into the
mass spectrometer.

When working with solvents it is essential to be aware of the risks of artifact for-
mation (e.g., transesterifications, reactions with solvents, or reactions with con-
taminations in solvents). One should also be aware of the presence of different ad-
ditives (e.g., 1% ethanol in chloroform, antioxidants in ethers) (Svendsen and Ver-
poorte, 1983) or contaminants (e.g., phthalates from plastics, detergents from dish-
washers in glassware) (Middleditch, 1989).

As no single solvent is capable of extracting all metabolites, different extraction
methods must be used to analyze all of the metabolites produced by an organism.
In order to analyze the minor compounds in a metabolome, further fractionation
steps might be included, either in the form of liquid-liquid extractions, solid-phase
extraction, or perhaps fractionation by preparative column chromatography or cen-
trifugal partitioning chromatography.

Whichever method is chosen, a thorough validation is always required, from har-
vesting to final analysis, to include intra-day and day-to-day variability of the proce-
dure. This should result in a robust, reproducible method preferably suited to
high-throughput metabolome analysis.

2.3

Data Handling

The next stage in the process is to handle the large number of data sets obtained
from the many samples that have been analyzed under different conditions. The
analytical output must be identified and quantified, and chemometric methods
such as multivariate data analysis have been shown to be excellent tools for this

212.3 Data Handling

Box 2.3 Single-solvent extraction method for NMR metabolomics 
(Choi et al., 2006; Hendrawati et al., 2006; Khatib et al., 2006; 
Yang et al., 2006).

• Add 0.75 mL methanol-d4 and 0.75 mL H2O-d2 (KH2PO4 buffer, pH 6.0) 
to 50–100 mg plant material.

• Vortex for 1 min.

• Ultrasonicate for 10 min.

• Centrifuge at 13 000 rpm (11000 g) for 10 min at room temperature.

• Transfer 800 µL of supernatant to NMR tube.



purpose. These methods allow comparisons to be made of complex spectra or
chromatograms, and patterns of co-occurring compounds, or clear differences
between samples, to be identified. Among the methods of multivariate data analy-
sis, principal component analysis (PCA) – which basically is a data reduction tech-
nique – is one of the most popular (Massart et al., 1988; Eriksson et al., 2001).

A simple example of PCA is shown in Figure 2.5, where five samples (e.g., plants
or mammals) are compared with each other using three variables (retention time
of chromatographic methods, m/z of mass spectrometry, and chemical shift of
NMR spectrometry). For this matrix, a space containing three variables can be con-
structed, with each variable representing one co-ordinate axis. All samples are
placed in the variable space based on the intensity of each variable. After plotting
on the space, the best approximating line (in the least squares sense) can be con-
structed. Each sample may be projected on this approximating line to obtain prin-
cipal component 1 (PC1). The original three values are then finally reduced to one
value. If PC1 is insufficient to the reveal the variation of samples, a second PC2 can
be calculated orthogonal to the first PC. In the same way, other PCs may be ob-
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Fig. 2.5 Simple example of principal component analysis. (a) Drawing
PC1 and PC2 for five samples. (b) Obtaining PC scores of sample C and
calculation of loading value of variable Y. A, B, C, D, and E are samples; 
X, Y, and Z are variables. α is the angle between PC1 and variable Y.



tained. Usually, the first three PCs are sufficient to determine the variation or
grouping of samples. The plot containing the PC scores of each sample is called
the “score plot”.

The next step is to identify the variables responsible for the separation of sam-
ples in the PCA score plot, and how these are correlated. This can be achieved with
the loading plot. First, the cosine of the angle between the direction of a PC and
each original variable is calculated. If the cosine value is close to 1 (0°, overlap with
each other), the PC is largely influenced by the original value. PCA can be carried
out using commercial software such as AMIX-TOOLS® (Bruker Biospin GmbH,
Rheinstetten, Germany; www.bruker-biospin.de), Matlab® with statistics toolbox
(MathWorks Inc., Natick, MA, USA; www.mathworks.com), Minitab® (Minitab
Inc., State College, PA, USA; www.minitab.com), Pirouette (Infometrix Inc., Bo-
thell, WA, USA; www.infometrix.com), SIMCA-P (Umetrics, Umeå, Sweden;
www.umetrics.com), SPSS® (SPSS Inc., Chicago, IL, USA; www.spss.com), or Un-
scrambler® (CAMO Software Inc., Woodbridge, NJ, USA; www.camo.com). For
data processing, scaling of the raw data is required before the PCA is carried out.
Generally, a centered method provides better results than a unit-variance method
for handling spectroscopic data because it can reduce unexpected artifacts from the
signal noise. However, minor signals cannot be given the same significance as ma-
jor signals. To avoid this problem of the centered scaling method, an alternative
Pareto scaling has become more common (Eriksson et al., 2001).

A practical example of multivariate data analysis of metabolomic data is shown
in Figure 2.6, in which tobacco leaves infected with tobacco mosaic virus (TMV)
are compared with corresponding leaves from healthy plants using NMR spectra
(Choi et al., 2006). First, all measured NMR spectra were integrated. For an un-
biased approach the spectrum is bucketed, yielding small segments (buckets or
bins) for the whole 1H-chemical shift range (ä 0.4–ä 10.0), the signal(s) intensity in
each bucket (e.g., of 0.02 or 0.04 ppm width) is measured (Fig. 2.6a). This bucket-
ing is carried out with commercial software such as AMIX-TOOLS® (Bruker Bio-
spin GmbH, Rheinstetten, Germany; www.bruker-biospin.de) or ACD NMR Man-
ager (Advance Chemistry Development, Toronto, Ontario, Canada; www.acd-
labs.com) for NMR data, and MassLynx (Waters, Milford, MA, USA; www.wa-
ters.com) for MS data. The bucketing is a crucial step for further PCA. Using such
software it is possible to bucket not only in a fixed range but also in a more ad-
vanced flexible range after sorting splitting signals in the NMR spectrum. The
bucketed data are further analyzed by PCA. A score plot clearly shows the similar-
ities and variances of samples based on the metabolomic data (Fig. 2.6b). The in-
fluence of each metabolite signal is identified by the loading plot of PCA (Fig. 2.6c).
In this case, infected and healthy tobacco leaves are clearly separated by PC3,
which shows a higher score for the infected leaves. Therefore, positive signals in
the PC3 loading plot are more abundant in the infected leaves, whereas negative
signals are lower than the healthy leaves. After sorting the signals based on contri-
bution value (loading) for separation, they are assigned to the signals in the raw 1H
NMR and/or 2D-NMR spectra. If necessary, the compound is further identified
after chromatographic separation.
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Fig. 2.6 (a) Data bucketing of NMR spectra;
(b) score plot; and (c) loading plot of
principal component analysis of healthy and
infected Nicotiana tabacum leaves by tobacco
mosaic virus (TMV). �; lower leaves of healthy

plants, �; local-infected leaves of TMV-
infected plants, The ellipse represents the
Hotelling T2 with 95% confidence in score
plots. Numberings on the plot are the dates
after infection (Choi et al., 2006).



Clearly, in order to make metabolomics a globally used tool, standardization of
the methods is required, and a generally accepted format for the data is required.
For transcriptomics data such a format has been defined by the Microarray Gene
Expressing Data (MGED) Society (http://www.mged.org). Standards for Mini-
mum Information About a Microarray Experiment (http://www.mged.org/Work-
groups/MIAME/miame.html; see also Brazma et al., 2001) have been defined
through an international initiative. The research community has embraced this
standard, and many major journals now require compliance with MIAME for any
new submission (Anonymous, 2002). Whilst for metabolomics data the discussion
is ongoing, it might be difficult to achieve a standard that will be accepted world-
wide. For example, all efforts during the past 40 years to arrive at a standardized
database for mass spectra have been unsuccessful. Here, a major problem is – and
will continue to be – the variability in the data, due to the different MS methods ap-
plied. It is likely that NMR-spectra will in time become the simplest data for a glo-
bally accepted public database, particularly as the original dataset of the spectra can
be stored and later translated into any desirable format. Whilst chromatograms
with unknown peaks will be more difficult to store, treated chromatographic data
resulting in tables of identified compounds and relative intensities can be pro-
duced; however, full quantitative data for all compounds are much more difficult
to produce.

2.4

The General Set-Up of a Metabolomics Project

The first step in a metabolomics project is to define the problem to be studies.
Based on that, a choice must be made as to which analytical methods are most ap-
propriate to answer the question. It may be necessary even to combine different
methods, especially when both major and minor compounds are of importance.
This includes deciding whether to use a targeted approach only on certain groups
of metabolites, or a non-targeted approach in which as many metabolites as pos-
sible can be analyzed. For both approaches, the next decision is whether to identi-
fy and quantify all of the compounds observed, or to focus only on those com-
pounds that clearly show different levels under the different experimental condi-
tions.

To facilitate this choice, preliminary experiments are required to identify the de-
gree of variability in the planned experiments. When the methods have been select-
ed, the next step is qualitative, to analyze a series of representative samples, to
identify as many compounds as possible by comparison with known databases,
and to determine the experimental (e.g., sample preparation, extraction method,
analytical method) and biological variability for one genotype (e.g., diurnal varia-
tions, developmental stage, external conditions). Once this dataset has been estab-
lished, the next step is to measure the organism under different experimental con-
ditions, to determine variations by statistical means (e.g., multivariate analysis),
and to combine these data with other data such as transcriptomics. The strength of
multivariate analysis lies in the fact that any type of data can be used for the analy-
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sis, including physiological (e.g., blood pressure) and morphological data, as the
original data are dimensionless.

2.5

Applications

Besides applications in functional genomics, the metabolomic approach has be-
come very useful in studies of genetically modified organisms, notably to identify
possible differences from the wild-type organism. The use of metabolic profiles
has also been used for the quality control of food and medicinal plants. Likewise,
when identifying new leads for drug development from natural sources, the me-
tabolomics approach would be of great value for the rapid identification of known
active compounds. Finally, the use of metabolomics might also be envisaged for
studying the activity of medicinal plants. The measurement of pharmacological ac-
tivity in a living organism (be it a cell culture, an animal, or a patient) of extracts
with different compositions may allow the identification of a compound – or in-
deed a combination of compounds – that correlate with such activity. In this way,
pro-drugs or synergism might also be recognized, in addition to new modes of
drug action and drug targets.

Clearly, this systems biology approach will represent a major challenge over the
next few years for the study of medicinal plants. Moreover, metabolomics repre-
sents a totally new approach to drug discovery that should replace the single com-
pound–single target concept that for many years has been the paradigm of drug de-
velopment, but which is producing fewer novel medicines each year.

2.6

Conclusions

The analysis of the full metabolome of an organism requires a combination of an-
alytical methods, since no single technique can cover the vast range of spectra of
the compounds present. Moreover, these methods must be robust and very repro-
ducible, since large quantities of data will be needed if metabolomics is to be ap-
plied to areas such as functional genomics or systems biology. The techniques em-
ployed are mature chromatographic methods such as GC-MS and HPLC, or phys-
ical approaches such as mass spectrometry and NMR, all of which have long histo-
ries in the analysis of natural products. Ultimately, the data produced will require
powerful biostatistical methods for their analysis, and multivariate approaches and
neural networks are being developed for this purpose.

Today, despite no international conventions existing for data storage and presen-
tation relating to the metabolomics approach, a variety of international databases
for MS and NMR contain the spectra of very many pure compounds. Whilst pub-
lic databases with metabolome profiles do not yet exist, there is clear need for their
future development in the advancement of metabolomics.
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HPLC-NMR Techniques for Plant Extract Analysis

Dan Stærk, Maja Lambert, and Jerzy W. Jaroszewski

3.1

Introduction

Mankind has relied on medicinal plants since time immemorial. Written records
about the use of medicinal plants include the Chinese Pen Tsao, or The Great Her-
bal, compiled by Shen Nung who lived around 3000 bc, the Ebers Papyrus, the ear-
liest record of Egyptian medicine from 1600 bc, the Hindu holy books, the Vedas,
dated from before 1000 bc (some of them much older), and De Materia Medica by
Dioscorides from 78 ad. Despite recent advances in biotechnology, synthetic com-
binatorial chemistry, and high-throughput screening, natural products from plants
continue to serve as a major source of new chemical entities for pharmaceutical re-
search [1, 2]. Although chemists and pharmacologists have explored many thou-
sands of plants, most investigations have been restricted to the structural charac-
terization of a few major constituents or to the assessment of a single biological ac-
tivity in vitro. Therefore, the potential of even relatively thoroughly investigated
plants must ironically be regarded as still largely unexplored. In addition, although
the total number of plant species on the Earth and their extinction rate remain the
matter of debate [3], it is clear that chemical and pharmacological knowledge exists
about only a small percentage of the total number of species. The disappearance of
many biotopes rich in endemism means that many of as-yet unexplored plants will
never be investigated. An acceleration of the process of mapping the chemical di-
versity of plants is therefore of utmost importance. This can only be achieved if
new methods for the rapid dereplication of natural products from plant extracts –
preferably methods that are more sensitive than those available today – are devel-
oped.

Most studies on secondary metabolites from plants are related to a biological ac-
tivity that is based on traditional use, or has been observed through screening pro-
grams using in-vitro bioassays [4–7]. The traditional process of isolating and char-
acterizing bioactive natural products is a very time-consuming process. In addi-
tion, only a single or a few biological activities can be monitored during a bioactiv-
ity-guided isolation process, leading to the risk of overlooking potentially impor-
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tant activities. The absence of structural information about the active constituents
until the isolation procedure has been completed leads to the risk of isolating al-
ready known or otherwise trivial compounds. For these reasons, there is a need for
tools providing full or partial information about the structure of extract constitu-
ents as early as possible in the fractionation process. The targeted isolation of nat-
ural products, guided by the novelty of their chemical structures and followed by
screening of pure compound libraries (which can, in principle, be done for a large
variety of bioactivities), is thus an attractive alternative to the traditional bioactivity-
guided isolation approach [8, 9].

Finally, modern biotechnology creates the possibility of accessing the chemical
diversity of natural products and of translating genetic diversity of organisms into
an expanded chemical space of small molecules [10, 11] through other approaches
than screening and isolation. Thus, transgenic plants, studies on regulation of
metabolic networks, engineering of biosynthetic pathways, and metabolomics/me-
tabonomics [12–15] create the need for high-throughput phytochemistry and re-
search tools providing system-wide chemical data. Given the unsurpassed struc-
ture–identification capabilities of NMR spectroscopy and the current ability of this
spectroscopic technique to operate at the microgram and submicrogram levels, hy-
phenation of separation methods with NMR is of particular interest for modern
natural products research.

3.2

Hyphenation of Separation Techniques and Spectroscopic Methods

The coupling of two or more analytical techniques into one integrated technique is
usually indicated by use of a hyphen, as in gas chromatography-mass spectrometry
(GC-MS). The hyphenation of high-performance liquid chromatography (HPLC)
with different detection techniques that provide some structural information has
contributed considerably to the progress in natural products research over the past
few decades. The HPLC detectors can be categorized into those giving a single
quantitative response, such as single-wavelength ultraviolet detectors (HPLC-UV),
fluorescence detectors (HPLC-fluorescence), and evaporative light-scattering de-
tectors (HPLC-ELS), and those giving a series of spectra at small time-intervals
throughout the chromatographic run. While the former category only gives peak-
information about the eluting compounds, the latter can provide valuable structu-
ral information. The last category includes hyphenation of HPLC with photodiode
array detection (HPLC-PDA or HPLC-DAD) [16], with mass spectrometry (HPLC-
MS and HPLC-MSn) [17], with circular dichroism (HPLC-CD) [18], and with in-
frared spectroscopy (HPLC-IR) [19]. However, none of these spectroscopic meth-
ods allows rigorous structure elucidation. Many previously characterized natural
products may be identified using spectral databases, but overall the spectral infor-
mation obtained from these techniques is insufficient. This contrasts the detailed
spectral information obtained from nuclear magnetic resonance (NMR). NMR
spectroscopy has the advantage of being a nonselective and nondestructive tech-
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nique that will detect all hydrogen-containing compounds (for 1H NMR spectros-
copy) present above the detection limit. In addition, full structural assignment in-
cluding relative stereochemistry is available through two-dimensional (2D) experi-
ments, and carbon data are available through heteronuclear 1H-13C correlation ex-
periments.

The initial hyphenation of HPLC and NMR was carried out with iron magnets
during the late 1970s and early 1980s [20–26]. The more recent development of
superconducting shielded magnets with higher field strengths has improved the
sensitivity and allowed positioning of the HPLC systems close to the magnet. A
modern HPLC-NMR system consists of a shielded superconducting magnet (at
present typically 400–600 MHz proton frequencies) and a supplementary mass
spectrometer coupled directly to the HPLC system, as shown schematically in
Figure 3.1. The computer-controlled HPLC system consists typically of a pump ca-
pable of delivering a nonpulsating binary or less frequent ternary solvent gradient,
an automated injection system, and a column oven to improve reproducibility of
the chromatographic run. The eluate is split usually in a 1:19 ratio, with the high-
er proportion directed to a PDA detector and then the NMR flow-cell through small
inner-diameter capillaries. The lower proportion is directed to the more sensitive
but also destructive MS detector. The UV- and MS signals are detected by the hy-
phenation software, and these signals trigger further events according to the pre-
programmed system operation mode.

In contrast to traditional NMR operation, where NMR tubes are situated in a ro-
tating spinner to increase effective field homogeneity, the flow-cell is designed as a
nonrotating vertical glass tube with radiofrequency (RF) coils attached directly to
the middle of the glass tube, and both ends connected to HPLC capillaries [27].
Most applications are performed with “inverse configuration” flow-probes, where
the RF coil tuned and matched to the 1H NMR frequency is fixed directly to the
glass tube, and the second coil, tuned and matched typically to the 13C NMR fre-
quency, is placed outside the latter. However, normal configuration flow-probes –
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Fig. 3.1 Schematic representation of a typical, hyphenated NMR system.
The HPLC column eluate is split in a 1 : 19 ratio and analyzed in parallel by
the mass spectrometer and by the photodiode array detector, and the
NMR spectrometer, respectively. Various optional hardware interfaces are
used for different HPLC-NMR modes, as illustrated by the dashed box.



that is, with the 13C coil placed inside and closer to the sample for increased sensi-
tivity of 13C detection – are also available. It should also be pointed out, that the ac-
tive volume of NMR flow-cells (30, 60, 120, and 200 µL in current use) account for
only one-half of the total cell volume. Thus, because of free diffusion of the analyte
within the cell, only one-half of the analyte present in the flow-cell will actually con-
tribute to the NMR signal.

3.3

Direct HPLC-NMR Methods

There are two fundamentally different ways of hyphenating HPLC and NMR spec-
troscopy: direct hyphenation, which involves the acquisition of NMR data with the
analyte dissolved in the HPLC mobile phase (i.e., with the column effluent), and
indirect hyphenation, where the NMR spectra are acquired after the analyte has
been isolated from the mobile phase [28, 29].

The direct HPLC-NMR methods use NMR spectrometers similarly to the use of
other HPLC detectors, but with adaptations necessary in order to accommodate the
lower sensitivity of NMR. A major problem with direct HPLC-NMR methods is re-
lated to a limited dynamic range of the analogue-to-digital converter of NMR spec-
trometers. HPLC is preferably performed with standard nondeuterated solvents,
which means that signals from compounds present in low concentrations (milli- or
submillimolar) should be detected in the presence of much stronger signals from
the solvent (e.g., pure water corresponds to 55 M H2O). The problem can be partly
solved by using deuterated solvents for HPLC, but for most solvents other than
D2O the price is too high for routine applications. In addition, the use of D2O can
complicate mass spectra of compounds containing exchangeable hydrogens, and
can also possibly affect the separation via isotope effects. For these reasons it is im-
portant to apply techniques that can suppress multiple solvent signals, including
suppression of solvent resonances that change position under gradient conditions.
For 1D spectra, this can be achieved by a 1D NOESY pulse sequence with pre-satu-
ration of solvent signals during relaxation delay and mixing time [30]. Another pos-
sibility is the WET pulse sequence (water suppression enhanced through T1 effects)
[31] that applies a series of variable tip-angle, solvent-selective RF pulses, followed
by dephasing field-gradient pulses. The WET pulse sequence is easily combined
with standard 2D NMR experiments to give excellent solvent suppression.

3.3.1

Continuous-Flow HPLC-NMR

The continuous-flow HPLC-NMR mode is the simplest mode of operation, and it
does not require any hardware interfaces other than a capillary connection to the
NMR flow-probe (Fig. 3.1). 1H NMR spectra are acquired continuously during the
entire HPLC separation, and the data are saved as a pseudo 2D NMR dataset with
the 1H NMR spectral window along one axis and the separation time along the oth-
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er axis. Because of the limited residence time of the analytes in the NMR flow-cell,
it is necessary to make a compromise between the signal-to-noise (S/N) ratio of the
NMR data (the number of scans for each 1D dataset), and the resolution along the
HPLC separation axis (the total number of spectra). These numbers are inherently
inversely proportional. Early studies on the relation between the flow rate, flow-cell
volume, and acquisition time have been performed [32–34] in order to optimize
continuous-flow HPLC-NMR experiments. Today, most applications of continu-
ous-flow HPLC-NMR to natural products are performed on reversed-phase C18 col-
umns ranging between 4 and 8 mm i.d., at flow rates of 0.3 to 1.2 mL min–1, add-
ing 16 to 64 scans per spectrum, and using flow-cells with detection volumes of 60
to 120 µL [18, 35–46]. This results in typical analysis times ranging from 20 min to
a few hours, although experiments with a reduced flow rate of 0.15 mL min–1 and
256 scans per spectrum, resulting in analysis times exceeding 12 h, have been re-
ported [47].

The main advantage of continuous-flow HPLC-NMR is its simplicity, although
the technique is less sensitive than other HPLC-NMR modes discussed below.
This is nmostly because of the limited residence time of the analytes in the flow-
cell, but also because the volume of most HPLC peaks exceeds the volume of the
NMR flow-cell, thereby placing much of the analyte outside the cell during data ac-
quisition. The detection limit of the secoiridoid swertiamarin (MW 374 Da) was
shown to be 20 µg in the continuous-flow mode after separation at a flow rate of
1 mL min–1, using a 60-µL flow-probe, a spectrometer operating at 500 MHz, and
acquiring 16 scans for each spectrum [48]. A detection limit of 24 µg was found for
a minor constituent (MW 568 Da) of an artificial mixture of carotenoids eluted with
a flow rate of 0.3 mL min–1, using a 120-µL flow-probe operating at 600 MHz, and
acquiring 128 scans for each spectrum [46].

For the analysis of crude extracts by continuous-flow HPLC-NMR, the amount
injected onto the column is typically well above 1 mg (depending on the complex-
ity of the mixture and the loading capacity of the column), but for partly purified
fractions good spectra can be acquired with smaller amounts. One example is a
study employing combined use of HPLC-MS and continuous-flow HPLC-NMR to
a partially purified extract of Vernonia fastigiata [49]. Separation of 700 µg of the ex-
tract was performed on a C18 column eluted with a water-acetonitrile gradient or
with a water-methanol gradient. This provided two sets of spectra with no overlap
of regions affected by solvent suppression, and allowed rapid identification of nine
sesquiterpene lactones. Because the continuous-flow HPLC-NMR mode is inde-
pendent of other peak-selection methods, it is normally used in initial studies of
the major components of plant extracts, followed by HPLC-NMR investigations
under static conditions.

3.3.2

Stopped-Flow HPLC-NMR

HPLC-NMR systems can be operated in the stopped-flow mode, which gives the
time needed to acquire 1D spectra with increased S/N ratio compared to those ob-
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tained in continuous-flow mode or, if necessary, to perform 2D NMR experiments
needed for full structure elucidation of extract constituents. As the name implies,
the flow is stopped when the analyte of interest enters the flow-cell. The com-
pounds of interest for stopped-flow acquisition are usually detected using an up-
stream PDA-detector or MS, and either threshold limits in UV- and/or mass TIC
chromatograms, selective ion chromatograms, or daughter ions from MS/MS, are
used to trigger the stopped-flow valve for exact positioning of the analyte in the
flow-cell (see Fig. 3.1). All operations are carefully timed and automated by hy-
phenation software that controls both the HPLC system, including the PDA detec-
tor and stopped-flow valve, the mass spectrometer, and the NMR data acquisition.
The stopped-flow mode allows careful optimization of shims, and especially the
solvent suppression benefits from improved field homogeneity. Tuning, match-
ing, and pulse calibration can also be more carefully optimized under static condi-
tions. This, combined with prolonged data accumulation times, provides the pos-
sibility of acquiring spectra with reasonable S/N ratio for compounds other than
the major constituents. Prolonged periods with stopped flow may cause diffusion-
mediated band broadening on the HPLC column, and therefore repeated stops and
restarts of the flow may lead to unacceptable loss of sensitivity. This problem can
be solved by using separate chromatographic runs for each analyte of interest, but
for most applications related to natural products, where extracts contain many dif-
ferent compounds and chromatographic runs exceed 30 min, this is not an attrac-
tive solution.

The stopped-flow HPLC-NMR mode has been used for investigations of constit-
uents of Hypericum perforatum extract [50], where UV and MS data were used to
trigger stopped-flow measurements. A single pre-purification step by solid-phase
extraction allowed acquisition of good quality 1H NMR spectra of minor constitu-
ents at the level of 0.1%.

Another study [51] used the continuous-flow mode for initial investigation of
dichloromethane extract of Swertia calycina, followed by stopped-flow 1H NMR and
2D WETCOSY experiments for more reliable structural characterization of one of
the extract constituents, sweroside. A comparison of the 1H NMR spectrum ob-
tained from continuous-flow and from stopped-flow HPLC-NMR is shown in
Figure 3.2. Several other applications of the stopped-flow HPLC-NMR mode, in-
cluding use of COSY, TOCSY, NOESY, ROESY, and HSQC experiments, have
been reported [37, 46, 52].

Another important application of stopped-flow HPLC-NMR is the determination
of absolute configuration of secondary alcohols by the Mosher method [53–55].
The traditional way of analyzing Mosher’s esters involves the formation of several
milligrams of each diastereomer and subsequent preparative-scale isolation for
NMR data acquisition in tubes. In the HPLC-NMR approach, only a few micro-
grams of the secondary alcohol are necessary. Formation of the esters is performed
in HPLC vials, and the reaction mixture is analyzed by stopped-flow HPLC-NMR
immediately after ester formation is complete. Thus, the reduced volume and in-
creased sensitivity of the NMR flow-probe makes it possible to establish the abso-
lute stereochemistry of natural products at a very low concentration level.
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Partly overlapping peaks can be investigated with the time-slice mode of opera-
tion. In this mode, the flow is stopped at short intervals during the peak elution, ac-
quiring a series of 1H NMR spectra under stopped-flow conditions. The method is
essentially stopped-flow performed at regular intervals, and as such it requires the
stopped-flow valve. Upstream UV or MS detectors can be used to control time-slic-
ing of selected HPLC peaks, or time-slicing can be applied to the entire chromato-
gram, in order not to overlook compounds that do not respond to these detectors.
One example of the latter method is analysis of beer [56].

For compounds with MW around 500 Da, the detection limit in stopped-flow ex-
periments at the 1H observation frequency of 600 MHz is about 100 ng [57]. The
acquisition of 2D 1H-1H data with 1 µg can be performed in a few hours, whereas
overnight acquisition of 2D 1H-13C correlation data requires approximately 20 µg
of material [48].

353.3 Direct HPLC-NMR Methods

Fig. 3.2 Comparison of stopped-flow mode
(A) and continuous-flow mode (B) HPLC-
NMR spectra of sweroside from the crude
extract of Swertia calycina. Crude extract
(1 mg) was injected onto a 150× 3.9 mm i.d.
C18 column eluted with a linear gradient of

acetonitrile in water at a flow-rate of
1 mL min–1. Spectra were acquired at
500 MHz using a 60 µL inverse detection
flow-probe. (Reproduced with permission
from [51]; Copyright John Wiley & Sons, Ltd.)



3.3.3

Loop-Collection HPLC-NMR

The loop-collection mode makes use of a so-called peak sampling unit (see Fig. 3.1).
The system contains 12 or 36 capillary loops, each of which can be made a part of
the HPLC eluent transfer path through the use of automated valves, triggered by a
detector signal threshold. This makes it possible to collect 12 or 36 compounds in
individual loops without stopping the chromatographic run, thereby removing dif-
fusion problems associated with stopped-flow HPLC-NMR. Once chromatography
is completed, the loop content is transferred to the NMR flow-cell through connect-
ing capillaries. At this post-chromatographic stage, the loop-collection unit can be
regarded as an autosampler for the NMR system, and both short- and long-term
NMR experiments can be conducted independently from the chromatographic sep-
aration. Another advantage of the loop-collection mode compared to the stopped-
flow mode is that an additional washing step of the NMR flow-cell can be intro-
duced between each transfer of the analyte, thereby avoiding any sample carryover.

Loop-collection HPLC-NMR has proven to be a valuable method in the field of
natural products research [58, 59]. One example is a study employing HPLC-NMR-
MS/MS for identification of quercetin and phloretin glycosides in apple peel ex-
tract [58]. Several closely eluting peaks, as determined by UV- and TIC MS-traces,
were observed in the chromatogram. Threshold levels in UV spectra as well as de-
tection of masses corresponding to quercetin (m/z 302) and phloretin (m/z 274) in
MS/MS experiments, were used to trigger loop collection. This study successfully
identified nine quercetin and phloretin glycosides in varying amounts using 1D
TOCSY spectra. The 1D 1H NMR spectra for the least-abundant component, rutin,
which was present in an amount of approximately 4 µg, was obtained in 1.5 h.

The loop-collection method suffers from the same restrictions, with respect to
sensitivity and solvent suppression, as the stopped-flow method. In principle, 2D
1H-1H and inverse 1H-13C correlation spectra can be obtained, but this requires a
high analyte concentration in the chromatographic elution band, a requirement in-
herent to the use of direct-type HPLC-NMR methods. The limit of detection is
thus, in principle, the same as for stopped-flow HPLC-NMR.

3.4

Indirect HPLC-NMR Methods

The only indirect HPLC-NMR method developed to date is the HPLC-SPE-NMR
technique. Here, separation of the analyte from the HPLC mobile phase is
achieved by means of solid-phase extraction [29]. Indirect NMR hyphenation is
therefore, in fact, an automated, on-line, microscale version of traditional proce-
dures involving “preparative” isolation of mixture components by chromatogra-
phy, followed by their examination using NMR tubes.

One major disadvantage of direct HPLC-NMR methods is the relative incompat-
ibility between standard HPLC solvents and NMR spectroscopy. This problem is
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only partly solved with modern solvent peak-suppression techniques, because ana-
lyte resonances under or close to the suppressed peak are also affected. The limited
detectability due to limited loading capacity of the columns is another disadvantage,
which is further amplified by the fact that the separated analytes are often distribut-
ed in peak elution volumes that are much larger than the active volume of the NMR
flow-cell. In addition, the HPLC solvent gradients typically used in continuous-flow
experiments create problems with changing magnetic susceptibility and field ho-
mogeneity as well as shifts of analyte resonances, thereby complicating identifica-
tion based on reference chemical shift values found in literature or in spectral data-
bases. The newly developed hyphenation of HPLC and NMR intervened by an auto-
mated solid-phase extraction unit (HPLC-SPE-NMR) circumvents many of the
problems listed above, while still working as a fully integrated and automated tech-
nique.

3.4.1

HPLC-SPE-NMR

Solid-phase extraction has previously been used for on-line concentration of sam-
ples before chromatographic separation and NMR analysis – that is, as the SPE-
HPLC-NMR technique [60]. However, the loading capacity of the HPLC column is
still a factor limiting NMR performance of this method. Solid-phase extraction has
also been used for off-line analyte isolation from HPLC fractions prior to tradition-
al NMR analysis [61]. Another more recent approach used off-line preparative-scale
HPLC followed by on-line SPE-NMR [62,63]. The first reported on-line HPLC-SPE-
NMR coupling [64] employed post-column dilution of effluent from of a reversed-
phase column with D2O to facilitate analyte trapping on a C18 guard column. The
guard column was subsequently back-flushed with CD3CN in order to desorb the
analyte and transfer it into the NMR flow-cell in a narrow elution band. This study
showed an increment in the S/N ratio of 1.5 to 2.3 compared to stopped-flow
HPLC-NMR. Modern, commercially available HPLC-SPE-NMR systems include
an on-line and fully automated solid-phase extraction unit (see Fig. 3.1). In this set-
up, a PDA detector and/or MS are used to trigger the SPE trapping of analytes sim-
ilarly to triggering containment of the analyte band in the loop-storage mode.

The principle of operation of the HPLC-SPE-NMR system is shown schematical-
ly in Figure 3.3. In the trapping stage, the HPLC eluate is diluted with water to de-
crease the eluting power. The analytes of interest are then individually adsorbed
(trapped) on small cartridges, each containing a suitable SPE material equilibrated
with water, via automated valve switching. In the drying stage, pressurized nitro-
gen gas is used to dry the cartridges, thereby avoiding the appearance of signals
from nondeuterated HPLC and post-column dilution solvents in the NMR spectra.
SPE cartridges are stored in a nitrogen atmosphere to avoid contamination and to
reduce the risk of analyte oxidation. Trapped analytes are transferred to the NMR
flow-cell in the elution stage, where dried cartridges are flushed with a deuterated
organic solvent.
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There are several advantages of the HPLC-SPE-NMR mode compared to the di-
rect HPLC-NMR methods [29]. First, because of the SPE trapping step and car-
tridge drying, there are much fewer restrictions on the choice of HPLC mobile
phases. Methods developed for optimal resolution, including those employing
multicomponent solvent mixtures and buffers, can therefore be directly applied to
the HPLC-SPE-NMR experiments. The only restriction is that the properties of the
analyte must be such that it is adsorbed onto the SPE cartridge under actual post-
column dilution conditions. The SPE separation of the analyte from the HPLC mo-
bile phase implies that transfer from the SPE cartridge to the NMR flow-cell can be
performed with deuterated organic solvents. The amount that must be used for the
transfer is the volume of the flow-probe plus the volume of the connecting capillar-
ies. This is typically of the order of a few hundred microliters per sample, and
therefore the use of high-quality deuterated organic solvents is affordable for rou-
tine use. The use of pure deuterated solvents means that solvent suppression is ei-
ther unnecessary or much easier to perform than in direct HPLC-NMR methods.
As mentioned earlier, the reproducibility of chemical shift values associated with
the use of pure deuterated organic solvents is important in terms of comparisons
of observed chemical shift values. Further, the sensitivity of the HPLC-SPE-NMR
experiment is no longer decreasing with increasing peak broadening, as long as ad-
sorption of the analyte onto the SPE material is effective. Thus, if the analyte from
the entire HPLC-peak volume is adsorbed onto the SPE cartridge material, it will
be transferred to the NMR flow-cell with the same amount of deuterated solvents,
regardless of the original peak elution volume. The SPE cartridges typically used
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Fig. 3.3 The principle of the HPLC-SPE-NMR
experiment. Trapping stage: post-column
dilution with water allows repeated adsorp-
tion of the same analyte on the same
cartridge in successive chromatographic runs,
thereby increasing the analyte amount. Drying

stage: nondeuterated HPLC solvents are
removed by drying with pressurized nitrogen
gas. Elution stage: the analyte is desorbed
from the SPE cartridge material with a
deuterated solvent and transferred to the
NMR flow-cell.



with standard-bore HPLC columns are 10× 2 mm i.d., which corresponds to an
elution bandwidth volume of 30 µL. This volume is clearly much smaller than typ-
ical HPLC peak volumes, and therefore the analytes are concentrated in the NMR
flow-cell. In order to achieve full sensitivity, a probe with the cell volume that
matches the SPE elution volume should be used. Finally, a very important advan-
tage of the HPLC-SPE-NMR technique is the ability to perform multiple trapping,
where the same analyte is trapped on the same cartridge in successive chromato-
graphic runs. This may increase the amount of analyte adsorbed on the cartridges
very substantially, leading to an increase in the S/N ratio in the resulting NMR
spectra, provided that there is no breakthrough of the analyte after repeated trap-
pings and that the desorption from the SPE cartridge is quantitative.

The first application of a fully integrated on-line HPLC-SPE-NMR-MS system in
natural products research was a study on the constituents of Greek oregano [65].
The system used in this work corresponds to that shown in Figure 3.1, with a 600-
MHz NMR spectrometer and a 20-µL cryogenic flow-probe. These studies showed
that it is possible to acquire 1D 1H and 2D homo- and heteronuclear data without
solvent suppression, and that directly detected 13C 1D spectra of a low molecular-
weight natural product can be obtained within a reasonable time. In fact, all 1D
and 2D experiments of the major component of the extract were performed in less
than 1 h. The combined use of UV and MS as well as 1D and 2D NMR data led to
the identification of five flavonoids, a phenolic acid, and a monoterpene. These re-
sults illustrate the sensitivity gain obtained by concentration of the HPLC peak on
the SPE cartridge, further improved by the use of a cryogenic flow-probe (see Sec-
tion 3.5). Another example of the benefit of increased S/N ratios due to multiple
trapping and the possibility of acquiring spectra without solvent suppression is
shown in Figure 3.4. Thus, possible suppression artifacts can be avoided and ex-
changeable protons can be observed in spectra acquired in aprotic solvents.

Other reports describe the use of the HPLC-SPE-NMR technique for the rapid
identification of lignans from Phyllanthus urinaria [66], iridoid glycosides from
Harpagohytum procumbens [67], cardiac glycosides from Kanahia laniflora [68], phe-
nols, lignans, flavonoids, and secoiridoids from olive oil [69], and isoflavonoids
from Smirnowia iranica [70]. The HPLC-SPE-NMR system has been further con-
nected to a radical-scavenging detection system in order to perform simultaneous
structure identification and radical-scavenging activity assessment of extract com-
ponents [71,72]. In one instance, the detection of radical-scavenging activity was
performed in a separate chromatographic run [71], whilst in another the radical-
scavenging detection unit was connected in parallel to the DAD and SPE unit by
means of a flow splitter (i.e., as MS in Fig. 3.1), which allowed simultaneous oper-
ation [72].

In a recent HPLC-SPE-NMR study of Croton membranaceus extract, the improve-
ment of S/N ratio in the NMR spectra by multiple trapping was investigated for
two SPE materials [73]. For the major extract constituent scopoletin, the use of a
poly(divinylbenzene)-based material led to a linear increase of up to 100 µg of sco-
poletin, whereas the use of a C18-based SPE-cartridge material allowed a linear ac-
cumulation of only up to 20 µg per cartridge. On the other hand, the C18 material
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allowed linear accumulation of an isoflavonoid in up to seven repeated trappings
[70]. One study reported a correlation between trapping efficiency and polarity in a
series of compounds in an artificial mixture [74], whereas another demonstrated
complex trapping relationships for a series of iridoid glycosides [67]. Therefore, the
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Fig. 3.4 (A) 600 MHz 1D 1H NMR, 
(B) COSY, (C) HSQC, and (D) HMBC spectra
acquired using the HPLC-SPE-NMR mode.
The spectra allow full structural assignment
including 13C resonances of a diterpene from
the crude root extract of a lamiaceous plant.
Crude extract (1.5 mg) was injected onto a
150×4.6 mm i.d. C18 column eluted with a
linear gradient of acetonitrile in water at a

flow rate of 0.8 mL min–1. Post-column
dilution with water at 0.8 mL min–1 and six
repeated trappings on a 10×2 mm i.d. 
SPE cartridge was followed by 30-min drying
with pressurized N2-gas and elution with
acetonitrile-d3. The spectra were acquired
using a 30 µL inverse-detection flow-probe. 
All spectra were acquired without solvent
suppression (unpublished results).



choice of SPE material and the post-column dilution ratio as well as the solvent
used for cartridge elution should be considered on a case-to-case basis.

3.5

Cryogenically Cooled NMR Probes

Most of the noise observed in NMR spectra is thermal electronic noise created by
the resistance of the receiver coil [75], and thus significant reduction of the noise
level can be achieved by cryogenic cooling. In theory, the noise level upon cooling
of the transceiver from room temperature to boiling liquid helium temperature
will drop by a factor of 22 [76]. However, current technical implementations offer
an improvement in S/N ratio by a factor of about 4 (for nonresistive samples) in
comparison to spectra acquired with the same samples using room-temperature
probes. This is mainly due to the loss of the filling factor (ratio between sample vol-
ume and coil detection volume), since the sample must be maintained at room
temperature and appropriate insulation space must be left between the sample and
the cold transceiver. Modern commercial cryogenic probes use recirculating, cold
helium gas rather than liquid helium to cool the transceiver coil to about 20 K. Pre-
amplifiers are enclosed in the same Dewar system and are cooled to about 80 K
[77]. A significant advance is the recent development of convertible cryogenic
probes that allow change between conventional NMR tubes and flow-cell inserts,
which enables use of a single cryogenic probe for various applications and saves
probe cool-down and warm-up time.

The first, and still the most popular, area of application of cryogenic flow-probes
is in pharmaceutical analysis and drug metabolism [77]. As mentioned earlier, the
combined advantage of the cryogenic probe and HPLC-SPE-NMR was demonstrat-
ed in the study of Greek oregano extract [65], and further proliferation of the cryo-
genic flow-probe technology in the field of natural products research is expected.

3.6

Miniaturization

There are at least three main reasons for the development of miniaturized NMR
probes and their hyphenation with separation techniques. First, many samples for
which NMR analyses are required are limited in size; this applies especially to sam-
ples of biological origin. Second, the mass-sensitivity (sensitivity per mass unit) in-
creases with decreased dimensions of the NMR transceiver coils [75,78]. Third,
miniaturized separation techniques usually work with higher concentrations of the
analyte in the chromatographic bands, as the analyte concentration is typically in-
versely proportional to the square of the column diameter. This results in an in-
creased analyte-to-solvent ratio for a given amount of injected material, making
solvent suppression easier. Moreover, low solvent consumption in capillary LC
separations allows the use of fully deuterated eluents.
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Traditional NMR flow-cells are constructed with vertical cavities (tubes) placed
along the main magnetic field of a superconducting magnet with a vertical bore.
Since the NMR experiments involve the creation and detection of transverse mag-
netization, the magnet geometry necessitates the use of saddle-type (Helmholtz)
transceiver coils. While the above-mentioned miniaturization benefits apply for
the saddle-type coils [79], miniaturization enables use of solenoidal design with cell
axes perpendicular to the magnet bore. For a given coil volume, solenoidal coils
perform about three times better than the saddle-type coils [75]. For commercial
capillary NMR probes, which have total cell volumes of 5 or 10 µL, the mass sensi-
tivity is five- to six-fold higher than for conventional probes. This is roughly equiv-
alent to a cryogenically cooled probe with a 3-mm sample tube.

To date, most published reports employing capillary probes with solenoidal mi-
crocoils use direct analyte injection [80–83]. However, several studies combining
capillary NMR probes with capillary HPLC separation of natural products have
been published [84, 85]. An example is shown in Figure 3.5.

Capillary NMR probes with solenoidal microcoils are capable of detecting low-
nanogram quantities of analytes (1H detection), and the methodology is adaptable
for high-throughput applications, both for pressure-driven and electro-driven sep-
arations [86–91]. The small size of the microcoils makes construction of probes
with multiple cells feasible [92–94]. Moreover, since these probes contain a single
transceiver coil, there is no sensitivity loss for direct 13C detection related to filling-
factor differences that are typical for inverse-detection dual-coil probes. However,
hundreds of micrograms are still required to obtain 13C NMR spectra in a reason-
ably short time [81, 87, 95], and these amounts are not easily achievable in the
capillary HPLC mode.
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Fig. 3.5 1H NMR spectra obtained from a
mixture of carotenoid standards using a
stopped-flow capillary HPLC-NMR system
(15 cm×250 µm C30 column) with acetone-d6:
D2O gradient separation (5 µL min–1, 

5 µL capillary NMR probe with detection
volume of 1.5 µL, 500-nL column injection
volume). (A) 50 ng of E-lutein; (B) 50 ng of 
E-zeaxanthin. (Reproduced with permission
from [85]; Copyright Elsevier.)



3.7

Conclusions

Of the two novel and maturing techniques in the area of NMR hyphenation,
HPLC-SPE-NMR and stopped-flow capillary HPLC-NMR offer the highest sensi-
tivity improvements, and are the most promising solutions. Both techniques have
advantages and disadvantages. While the latter method exhibits the highest mass-
sensitivity and is well suited for mass-limited samples and possibly for high-
throughput applications, the higher absolute analyte amounts available through
HPLC-SPE-NMR are advantageous when no severe limitations to the sample size
exist. Moreover, at least in the drug discovery context, the HPLC-NMR experiment
will often be an introductory experiment prior to compound isolation, with the aim
of performing biological tests. Thus, standard-bore HPLC columns used for
HPLC-NMR can be immediately used to isolate sufficient amounts of material for
bioassays, whereas capillary HPLC-NMR must be regarded as a purely analytical
tool. Moreover, the use of cryogenic probes in the case of HPLC-SPE-NMR match-
es the mass-sensitivity advantage of microcoils, which have yet to be combined
with the cryogenic technology. The combination of HPLC-SPE-NMR with micro-
coil probe design and with cryogenic technology will provide further sensitivity ad-
vancement, at least for compounds compatible with solid-phase extraction, a prop-
erty which is fulfilled by the majority of secondary plant metabolites. Thus, it can
be concluded that NMR hyphenation offers flexibility, robustness, and sensitivity
that are appropriate for a wide range of applications related to medicinal plants.
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Plant-Associated Microorganisms (Endophytes) 
as a New Source of Bioactive Natural Products

Gary Strobel

Abstract

Endophytic microorganisms are to be found in virtually every higher plant. These
organisms reside in the living tissues of the host plant, and do so in a variety of re-
lationships ranging from symbiotic to pathogenic. Endophytes may contribute to
their host plant by producing a plethora of substances that provide protection and
survival value to the plant. Ultimately, these compounds, once isolated and charac-
terized, may also have potential for use in modern medicine. Novel antibiotics,
antimycotics, immunosuppressants, and anticancer compounds are only a few ex-
amples of what has been found after the isolation and culturing of individual endo-
phytes, followed by purification and characterization of some of their natural prod-
ucts. The potential for the discovery of new drugs that may be effective candidates
for treating newly developing diseases in humans is vast.

4.1

Introduction

The need for new and useful compounds to provide assistance and relief in all as-
pects of the human condition is ever-growing. Drug resistance in bacteria, the ap-
pearance of new life-threatening viruses, the recurrent problems of diseases in per-
sons with organ transplants, and the tremendous increase in the incidence of fun-
gal infections in the world’s population all underscore our inadequacy to cope with
these medical problems. Environmental degradation, loss of biodiversity, and
spoilage of land and water also add to problems facing mankind, and each of these
in turn can have health-related consequences.

Endophytes – microorganisms that reside in the tissues of living plants – are rel-
atively unstudied as potential sources of novel natural products for use in modern
medicine. However, some of the most extensive and comprehensive investigations
on natural products produced by endophytes have been carried out on the Neoty-
phodium sp. found on grasses [1]. Alkaloids synthesized by this fungus in its grass
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hosts have been implicated in fescue toxicosis in rangeland animals [1]. The chem-
istry and biology of this and other grass endophytes have been reviewed elsewhere
[2]. Unfortunately, the fact that these studies are so comprehensive may lead to the
conclusion that endophytes only produce toxic compounds in their respective
hosts, and that they hold no promise for any medicinal applications whatsoever [2].
This is simply not the case, and as endophytes have been increasingly examined
from a plethora of sources an overwhelming number have been found to produce
natural products with promising potential for medicinal applications. This is espe-
cially true when the higher plants that live in the world’s rainforests are examined
for endophytes, and their secondary products are tested against bacterial and fun-
gal pathogens of mankind.

Among the approximately 300 000 higher plant species that exist on the Earth,
each individual plant of the billions that exist is most likely a host to one or more
endophytes (G. Strobel, unpublished results). Only a handful of these plants (grass
species) have ever been completely studied relative to their endophytic biology [2].
Consequently, the opportunity to identify new and interesting endophytic microor-
ganisms among the myriads of plants in different settings and ecosystems is vast.
The aim of this chapter is to provide some insight into the occurrence of these mi-
croorganisms in Nature, to identify the products that they make, and how some of
these organisms are beginning to show some potential for human use. The major-
ity of the chapter discusses the rationale for study, the methods used, and details
examples of a number of endophytes isolated and studied in the author’s laborato-
ry over the course of many years. However, the chapter also includes some specif-
ic examples illustrating the work of others in this emerging field of bioprospecting
the microbes of the world’s rainforests.

4.2

Why Are There Needs for New Medicines?

Today, there is a general call for new antibiotics, and chemotherapeutic agents that
are highly effective and possess low toxicity. This search is driven by the develop-
ment of resistance in infectious microorganisms (e.g., Staphylococcus, Mycobacteri-
um, Streptococcus) to existing drugs, and by the menacing presence of naturally re-
sistant organisms. The ingress to the human population of new disease-causing
agents such as AIDS, Ebola virus and SARS requires the discovery and develop-
ment of new drugs to combat them. Not only do diseases such as AIDS require
drugs that target them specifically, but new therapies are also needed for the treat-
ment of ancillary infections that arise a consequence of a weakened immune sys-
tem. Furthermore, others who are immunocompromised (e.g., cancer and organ
transplant patients) are at risk of infection by opportunistic pathogens, such as
Aspergillus, Cryptococcus, and Candida, that normally are not major problems in the
human population. In addition, more drugs are needed to efficiently treat parasit-
ic protozoan and nematodal infections such as malaria, leishmaniasis, trypanomi-
asis, and filariasis. Perhaps surprisingly, malaria alone claims more lives each year
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than any other single infectious agent, with the exception of AIDS and tuberculo-
sis (TB) [3]. However, it is the enteric diseases that claim more lives each year than
any other disease complex, and unfortunately the large majority of those dying are
children [3].

Novel natural products, and the organisms that create them, offer major oppor-
tunities for innovation in drug discovery. Exciting possibilities exist for those who
are willing to venture into the wild and unexplored territories of the world to expe-
rience the excitement and thrill of engaging in the discovery of endophytes, their
biology, and potential usefulness.

4.3

Natural Products in Medicine

Even with untold centuries of human experience behind us and a movement into
a modern era of chemistry and automation, it remains evident that natural prod-
uct-based compounds have had an immense impact on modern medicine. For in-
stance, about 40% of currently available prescription drugs are based such com-
pounds, while between 1981 and 2002 well over 50% of the new chemical products
registered by the Food and Drug Administration as anticancer, antimigraine and
antihypertensive agents were either natural products or derivatives thereof [4]. Fur-
thermore, between 1989 and 1995, excluding biologics, some 60% of all drug ap-
provals and pre-new drug applications were made for products of natural origin [5].
Likewise, between 1983 and 1994 over 60% of all approved and pre-NDA stage can-
cer drugs were of natural origin, as were 78% of all newly approved antibacterial
agents [6]. Many other examples abound that illustrate the value and importance of
natural products from plants and microorganisms in modern civilizations. One
modern example of a natural product that has made an enormous impact on med-
icine is that of taxol [7–9].

More recently, however, natural product research efforts have lost favor with
many major drug companies, who now prefer to employ a combinatorial chemis-
try approach that involves the automated synthesis of structurally related small
molecules. In addition, many drug companies have developed interests in making
products that have a larger potential profit base than anti-infectious drugs. These
synthetic compounds may provide social benefits, relieve allergenic responses, re-
duce the pain of arthritis, or even sooth the stomach. Strangely, it appears that this
loss of interest in natural products is not only an economically driven decision but
can also be attributed to the enormous effort and expense required to identify a bio-
logical source, to isolate an active natural product, to decipher its structure, and
then to begin the long road to product development. It is now also apparent that
combinatorial chemistry and other synthetic chemistry methodology, which re-
volves around certain basic chemical structures, serves as a never-ending supply of
products to feed the screening robots of the drug industry. Today, within many
large pharmaceutical companies, the progress of professionals is based primarily
upon the numbers of compounds that can be produced and sent to the screening
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machines. However, this approach tends to work against the numerous steps
needed even to find one compound in natural product discovery. It is important to
emphasize at this point that the primary purpose of combinatorial chemistry
should be to complement and assist the efforts of natural product drug discovery
and development, and not to supersede it [5]. For this reason, a few larger compa-
nies have retained an interest in natural products chemistry. In fact, the natural
product often serves as a lead molecule, the activity of which can be enhanced by
manipulation through combinatorial and synthetic chemistry. Traditionally, natu-
ral products have been the “pathfinder” compounds, with an untold diversity of
chemical structures unparalleled by even the largest combinatorial libraries.

4.4

Endophytic Microbes

It may also be true that a reduction in interest for natural products used in drug de-
velopment has occurred as a result of people growing weary of dealing with the tra-
ditional sources of bioactive compounds, including plants from temperate zones
and microbes from a plethora of soil samples gathered in different parts of the
world by armies of collectors. In other words, why continue to do the same thing
when robots, combinatorial chemistry, and molecular biology have arrived on the
scene? Furthermore, the logic and rationale for the time and effort spent on drug
discovery using a target- and site-directed approach has been overwhelming.

While combinatorial synthesis produces compounds at random, secondary me-
tabolites – defined as low molecular-weight compounds not required for growth in
pure culture – are produced as an adaptation for specific functions in nature [10].
Shutz points out that certain microbial metabolites seem to be characteristic of cer-
tain biotopes, both on an environmental as well as organismal level [11]. Accord-
ingly, it appears that the search for novel secondary metabolites should center on
organisms that inhabit unique biotopes. Thus, it behooves the investigator to care-
fully study and select the biological source before proceeding, rather than to take a
totally random approach in selecting the source material. Careful study also indi-
cates that organisms and their biotopes that are subjected to constant metabolic
and environmental interactions should produce even more secondary metabolites
[11]. Endophytes are microbes that inhabit such biotopes, namely higher plants,
which is why they are currently considered as a wellspring of novel secondary me-
tabolites offering the potential for exploitation of their medical benefits [12].

In addition, it also is extremely helpful for the investigator interested in exploit-
ing endophytes to have access to – or to have some expertise in – microbial taxon-
omy, and this includes modern molecular techniques involving sequence analyses
of 16S and 18S rDNA. Currently, endophytes are viewed as an outstanding source
of bioactive natural products because there are so many of them occupying literal-
ly millions of unique biological niches (higher plants), and growing in so many un-
usual environments. Thus, it would appear that a myriad of biotypical factors asso-
ciated with plants can be important in the selection of a plant for study. It may be

52 4 Plant-Associated Microorganisms (Endophytes) as a New Source of Bioactive Natural Products



the case that these factors govern which microbes are present in the plant, as well
as the biological activity of the products associated with these organisms.

What are endophytes? Bacon et al. [2] provided an inclusive and widely accepted
definition of endophytes as: “Microbes that colonize living, internal tissues of plants
without causing any immediate, overt negative effects”. While the symptomless nature
of endophyte occupation in plant tissue has prompted focus on symbiotic or mutu-
alistic relationships between endophytes and their hosts, the observed biodiversity
of endophytes suggests they can also be aggressive saprophytes or opportunistic
pathogens. Both fungi and bacteria are the most common microbes existing as en-
dophytes. It would seem that other microbial forms most certainly exist in plants
as endophytes such as mycoplasmas, rickettsia and archebacteria, but as yet evi-
dence for their existence has been presented. In fact, it may be the case that the ma-
jority of microbes existing in plants are not culturable with common laboratory
techniques, which makes their presence and role in plants even more intriguing.
Although the most frequently isolated endophytes are the fungi [13], at the outset
it is important to realize that the vast majority of plants have not been studied for
any endophytic association. Thus, enormous opportunities exist for the recovery of
novel fungal forms, including genera, biotypes, as well as species in the myriad of
plants yet to be studied. Hawksworth and Rossman [14] have estimated there may
be as many as one million different fungal species, yet only about 100 000 have
been described to date. As more evidence accumulates, however, estimates keep
rising as to the actual number of fungal species. For instance, Dreyfuss and Cha-
pela [15] estimate there may be at least one million species of endophytic fungi
alone. It seems clear that endophytes are a rich and reliable source of genetic diver-
sity, and may represent many previously undescribed species. Finally, in our expe-
rience, novel microbes (as defined at the morphological and or molecular levels) of-
ten have associated with them, novel natural products. This fact alone helps to
eliminate the problems of dereplication in compound discovery

4.5

Rationale for Plant Selection

It is important to understand that the methods and rationale used seem to provide
the best opportunities to isolate novel endophytic microorganisms at the genus,
species, or biotype levels. Since the number of plant species in the world is so
great, creative and imaginative strategies must be used to quickly narrow the
search for endophytes displaying bioactivity [16].

A specific rationale for the collection of each plant for endophyte isolation and
natural product discovery is used. Several hypotheses govern this plant selection
strategy, as follows:

1. Plants from unique environmental settings, especially those with an unusual bi-
ology, and possessing novel strategies for survival, are seriously considered for
study.
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2. Plants that have an ethnobotanical history (used by indigenous peoples) and are
related to the specific uses or applications of interest are selected for study.
These plants are chosen either by direct contact with local peoples, or via local lit-
erature. Ultimately, it may be learned that the healing powers of the botanical
source may in fact not be related to the natural products of the plant, but rather
to the endophyte inhabiting the plant.

3. Plants that are endemic, having an unusual longevity, or have occupied a certain
ancient land mass, such as Gondwanaland, are also more likely to lodge endo-
phytes with active natural products than other plants.

4. Plants growing in areas of great biodiversity, it follows, also have the prospect of
housing endophytes with great biodiversity.

Just as plants from a distinct environmental setting are considered to be a promis-
ing source of novel endophytes and their compounds, so too are plants with an un-
conventional biology. For example, an aquatic plant, Rhyncholacis penicillata, was
collected from a river system in southwest Venezuela where the harsh aquatic en-
vironment subjected the plant to constant beating by virtue of rushing waters, de-
bris, and tumbling rocks and pebbles [17]. These environmental insults created
many portals through which common phytopathogenic oomycetes could enter the
plant. Still, the plant population appeared to be healthy, possibly due to protection
from an endophytic product. This was the environmental biological clue used to
pick this plant for a comprehensive study of its endophytes. Eventually, an unusu-
al and potent antifungal strain of Serratia marcescens, living both as an epiphyte and
an endophyte, was recovered from R. penicillata. This bacterium produces oocydin
A, a novel antioomycetous compound, having the properties of a chlorinated mac-
rocyclic lactone (Fig. 4.1) [17]. It is conceivable that the production of oocydin A by
S. marcescens is directly related to the endophyte’s relationship with its higher plant
host. Currently, oocydin A is being considered for agriculture use to control the
ever-threatening presence of oomycetous fungi such as Pythium spp. and Phytoph-
thora spp. Oocydin A also has activity against a number of rapidly dividing cancer
cell lines [17].
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Fig. 4.1 Oocydin A, a chlorinated macrocyclic lactone isolated and
characterized from a strain of Serratia marcescens, obtained from
Rhyncholacis penicillata (stereochemistry unknown).



Plants with an ethnobotanical history, as mentioned above, also are likely candi-
dates for study since the medical uses for which the plant was selected may relate
more to its population of endophytes than to the plant biochemistry itself. For ex-
ample, a sample of the snakevine, Kennedia nigriscans, from the Northern Territo-
ry of Australia, was selected for study since its sap has traditionally been used as
bush medicine. In fact, this area was selected for plant sampling since it has been
home to the world’s longest standing human civilization, the Australian Aborigi-
nes. The snakevine is harvested, crushed and heated in an aqueous brew by local
Aborigines in southwest Arnhemland to treat cuts, wounds and infections. As it
turned out, the plant contains an entire suite of streptomycetes [18]. One in partic-
ular has unique partial 16S rDNA sequences when compared to those in GenBank.
The organism was designated Streptomyces NRRL 30562 [19]. It produces a series
of actinomycins including actinomycins D, Xoâ, and X2 among others (U.F. Castil-
lo and G.A. Strobel, unpublished results). Furthermore, it produces broad-spec-
trum novel peptide antibiotics termed “munumbicins”, that are discussed below.
It seems likely that some of the healing properties in plants, as discovered by indig-
enous peoples, might be facilitated by compounds produced by one or more specif-
ic plant-associated endophytes as well as the plant products themselves. This ap-
pears to be an excellent example illustrating this point.

In addition, it is worth noting that some plants generating bioactive natural
products have associated endophytes that produce the same natural products. Such
is the case with taxol, a highly functionalized diterpenoid and famed anticancer
agent that is found in Taxus brevifolia and other yew species (Taxus spp.) [8]. In
1993, a novel taxol-producing fungus, Taxomyces andreanae, was isolated and char-
acterized from the yew, Taxus brevifolia [20].

4.6

Endophytes and Biodiversity

Among the myriad of ecosystems on Earth, those having the greatest general bio-
diversity of life seem to be those that also have the greatest number and most di-
verse endophytes. Tropical and temperate rainforests are the most biologically di-
verse terrestrial ecosystems. The most threatened of these spots cover only 1.44%
of the land’s surface, yet they harbor over 60% of the world’s terrestrial biodiversity
[16]. In addition, each of the 20 to 25 areas identified as supporting the world’s
greatest biodiversity also support unusually high levels of plant endemism [16]. As
such, one would expect, with high plant endemism, that there also should exist
specific endophytes which may have evolved with the endemic plant species. Bio-
logical diversity implies chemical diversity because of the constant chemical inno-
vation required to survive in ecosystems where the evolutionary race to survive is
most active. Tropical rainforests are a remarkable example of this type of environ-
ment, because competition is great, resources are limited, and selection pressure
is at its peak. This gives rise to a high probability that rainforests are a source of
novel molecular structures and biologically active compounds [21].
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Bills et al. described a metabolic distinction between tropical and temperate en-
dophytes through statistical data which compared the number of bioactive natural
products isolated from endophytes of tropical regions to the number of those iso-
lated from endophytes of temperate origin [22]. Not only did these authors find that
tropical endophytes provided more active natural products than temperate endo-
phytes, but they also noted that a significantly higher number of tropical endo-
phytes produced a larger number of active secondary metabolites than did fungi
from other substrata. This observation suggests the importance of the host plant as
well as the ecosystem in influencing the general metabolism of endophytic mi-
crobes.

4.7

Endophytes and Natural Products

Tan and Zou believe the reason why some endophytes produce certain phytochem-
icals, originally characteristic of the host, might be related to a genetic recombina-
tion of the endophyte with the host that occurred in evolutionary time [12]. This is
a concept that was originally proposed as a mechanism to explain why T. andreanae
might be producing taxol [23]. Thus, if endophytes can produce the same rare and
important bioactive compounds as their host plants, this would not only reduce the
need to harvest slow-growing and possibly rare plants, but also help to preserve the
world’s ever-diminishing biodiversity. Furthermore, it is recognized that a micro-
bial source of a high-value product may be easier and more economic to produce
effectively, thereby reducing its market price.

All aspects of the biology and interrelatedness of endophytes with their respec-
tive hosts is a vastly underinvestigated and exciting field [24–27]. Thus, more back-
ground information on a given plant species and its microorganismal biology
would be exceedingly helpful in directing the search for bioactive products. Pres-
ently, no one is quite certain of the role of endophytes in nature and what appears
to be their relationship to various host plant species. While some endophytic fungi
appear to be ubiquitous (e.g., Fusarium spp., Pestalotiopsis spp., and Xylaria spp.),
one cannot state definitively that endophytes are truly host-specific or even system-
ic within plants, any more than assume that their associations are chance encoun-
ters. Frequently, many endophytes of the same species are isolated from the same
plant, and only one or a few biotypes of a given fungus will produce a highly bio-
logically active compound in culture [28]. A great deal of uncertainty also exists
between what an endophyte produces in culture and what it may produce in na-
ture. It does seem possible that the production of certain bioactive compounds by
the endophyte in situ may facilitate the domination of its biological niche within
the plant, or even provide protection to the plant from harmful invading patho-
gens. Furthermore, little information exists relative to the biochemistry and phys-
iology of the interactions of the endophyte with its host plant. It would seem that
many factors changing in the host as related to the season, and other factors in-
cluding age, environment, and location may influence the biology of the endo-
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phyte. Indeed, further research at the molecular level must be conducted in the
field to study endophyte interactions and ecology. All of these interactions are
probably chemically mediated for some purpose in Nature. An ecological aware-
ness of the role these organisms play in nature will provide the best clues for tar-
geting particular types of endophytic bioactivity with the greatest potential for bio-
prospecting.

4.7.1

Isolation, Preservation and Storage of Endophytic Cultures for Product Isolation

Detailed techniques for the isolation of microbial endophytes are outlined in a
number of reviews and technical articles [17–20, 24–27]. If endophytes are being
obtained from plants growing in polar regions, the dry tropics, or some temperate
areas of the world, one can expect to acquire from none to only one or two endo-
phytic cultures per plant sample (0.5–10.0) centimeter limb piece. However, from
the wet tropics this number may rise to 20 to 30 or even more microbes per plant
piece.

Given limited fermentation capabilities, it becomes necessary to preserve fresh-
ly isolated microbes for work in the future. Generally, preservation in an aqueous
15% glycerol solution at –70 °C is an exceedingly good procedure for saving cul-
tures until work on them can proceed at a later date [24–27]. It is also critical to la-
bel and store cultures for patent and publication purposes.

4.7.2

Some Examples of Bioactive Natural Products from Endophytes

The following section illustrates some examples of natural products obtained from
endophytic microbes, and their potential in the pharmaceutical and agrochemical
arenas. Although many of the examples are taken from our studies, this review is
by no means inclusive of all natural product investigations in endophytes.

4.7.2.1 Endophytic Fungal Products as Antibiotics
Fungi are the most commonly isolated endophytic microbes, usually appearing as
fine filaments growing from the plant material on the agar surface. Generally, the
most commonly isolated fungi are in the group Fungi Imperfecti or Deuteromycetes.
Basically, they produce asexual spores in or on various fruiting structures. Also, it
is quite common to isolate endophytes that are producing no fruiting structures
whatsoever, such as Mycelia Sterilia. Quite commonly, endophytes do produce sec-
ondary metabolites when placed in culture. However, the temperature, the compo-
sition of the medium and the degree of aeration will affect the amount and types of
compounds produced by an endophytic fungus. On occasion, endophytic fungi
produce antibiotics. Natural products from endophytic fungi have been observed
to inhibit or kill a wide variety of harmful microorganisms including, but not lim-
ited to phytopathogens, as well as bacteria, fungi, viruses, and protozoans that af-
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fect humans and animals. Some examples of bioactive products from endophytic
fungi are described in the following sections.

Cryptosporiopsis cf. quercina is the imperfect stage of Pezicula cinnamomea, a fun-
gus commonly associated with hardwood species in Europe. It was isolated as an
endophyte from Tripterigeum wilfordii, a medicinal plant native to Eurasia [29]. On
Petri plates, C. quercina demonstrates excellent antifungal activity against some
important human fungal pathogens, including Candida albicans and Trichophyton
spp. A unique peptide antimycotic, termed cryptocandin, was isolated and charac-
terized from C. quercina [29]; this compound contains a number of peculiar hy-
droxylated amino acids and a novel amino acid, 3-hydroxy-4-hydroxy methyl pro-
line (Fig. 4.2). The bioactive compound is related to the known antimycotics, the
echinocandins, and the pneumocandins [30]. As is generally true, not one but sev-
eral bioactive and related compounds are produced by an endophytic microbe.
Thus, other antifungal agents related to cryptocandin are also produced by C. cf.
quercina. Cryptocandin is also active against a number of plant pathogenic fungi,
including Sclerotinia sclerotiorum and Botrytis cinerea. Cryptocandin and its related
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Fig. 4.2 Cryptocandin A, an antifungal lipopeptide obtained from the
endophytic fungus, Cryptosporiopsis cf. quercina. (No stereochemistry
is intended.)



compounds are currently being considered for use against a number of fungi caus-
ing diseases of the skin and nails.

Cryptocin, a unique tetramic acid, is also produced by C. quercina (see above)
(Fig. 4.3) [31]. This unusual compound possesses potent activity against Pyricular-
ia oryzae, the causal organism of rice blast, one of the worst plant diseases in the
world, as well as a number of other plant pathogenic fungi [31]. The compound was
generally ineffective against a general array of human pathogenic fungi. Never-
theless, with minimum inhibitory concentrations (MICs) against P. oryzae at
0.39 µg mL–1, this compound is being examined as a natural chemical control
agent for rice blast and is being used as a model to synthesize other antifungal
compounds.

As mentioned earlier, P. microspora is a common rainforest endophyte [24–26]. It
transpires that enormous biochemical diversity does exist in this endophytic fun-
gus, and many secondary metabolites are produced by various strains of this wide-
ly dispersed organism. One such secondary metabolite is ambuic acid, an antifun-
gal agent, which has been recently described from several isolates of P. microspora
found as representative isolates in many of the world’s rainforests (Fig. 4.4) [32].
This compound, and another endophyte product, terrein, have been used as mod-
els to develop new solid-state NMR tensor methods to assist in the characterization
of the molecular stereochemistry of organic molecules. The rationale and methods
used and developed for this novel method of chemical characterization are dis-
cussed elsewhere [33,34].

A strain of P. microspora was also isolated from the endangered tree Torreya tax-
ifolia, and produces several compounds having antifungal activity; these include
pestaloside, an aromatic â-glucoside, and two pyrones – pestalopyrone and hydrox-
ypestalopyrone [35]. These products also possess phytotoxic properties. Other new-
ly isolated secondary products obtained from P. microspora (endophytic on Taxus
brevifolia) include two new caryophyllene sesquiterpenes – pestalotiopsins A and B
[36]. Additional new sesquiterpenes produced by this fungus are 2-α-hydroxydi-
meninol and a highly functionalized humulane [37, 38]. Variation in the amount
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Fig. 4.3 Cryptocin, a tetramic
acid antifungal compound found
in Cryptosporiopsis cf. quercina



and types of products found in this fungus depends on both the cultural conditions
as well as the original plant source from which it was isolated.

Pestalotiopsis jesteri is a newly described endophytic fungal species from the Se-
pik river area of Papua New Guinea. This fungus produces jesterone and hydroxy-
jesterone, both of which exhibit antifungal activity against a variety of plant patho-
genic fungi [39]. These compounds are highly functionalized cyclohexenone epox-
ides. Jesterone, subsequently, has been prepared by organic synthesis with com-
plete retention of biological activity (Fig. 4.5) [40]. Jesterone is one of only a few
products from endophytic microbes in which total synthesis of a bioactive product
has been successfully accomplished.

Phomopsichalasin, a metabolite from an endophytic Phomopsis sp., represents
the first cytochalasin-type compound with a three-ring system replacing the cyto-
chalasin macrolide ring. This metabolite exhibits antibacterial activity in disk diffu-
sion assays (at a concentration of 4 µg per disk) against Bacillus subtilis, Salmonella
gallinarum, and Staphylococcus aureus. It also displays a moderate activity against
the yeast Candida tropicalis [41].

An endophytic Fusarium sp. from the plant, Selaginella pallescens, collected in the
Guanacaste Conservation Area of Costa Rica, was screened for antifungal activity.
A new pentaketide antifungal agent, CR377, was isolated from the culture broth of
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Fig. 4.4 Ambuic acid, a highly functionalized cyclohexenone produced
by a number of isolates of Pestalotiopsis microspora found in rainforests
around the world. This compound possesses antifungal activity and has
been used as a model compound for the development of solid-state
NMR methods for the structural determination of natural products.

Fig. 4.5 Jesterone, a cyclohexenone
epoxide from Pestaliotiopsis jesteri has
antioomycete activity.



the fungus and showed potent activity against Candida albicans in agar diffusion
assays [42].

Colletotric acid, a metabolite of Colletotrichum gloeosporioides, an endophytic fun-
gus isolated from Artemisia mongolica, displays antibacterial activity against bacteria
as well as against the fungus, Helminthsporium sativum [43]. Another Colletotrichum
sp., isolated from Artemisia annua, produces bioactive metabolites that also showed
antimicrobial activity. A. annua is a traditional Chinese herb that is well recognized
for its synthesis of artemisinin (an antimalarial drug) and its ability to inhabit many
geographically different areas. The Colletotrichum sp. found in A. annua not only
produced metabolites with activity against human pathogenic fungi and bacteria,
but also metabolites that were fungistatic to plant pathogenic fungi [44].

A novel antibacterial agent, guignardic acid, was isolated from the endophytic
fungus Guignardia sp. Interestingly, the organism was obtained from the medici-
nal plant, Spondias mombin of the tropical plant family Anacardiaceae found in Bra-
zil. The compound was isolated by UV-guided fractionation of the fermentation
products of this fungus. The compound is the first member of a novel class of nat-
ural compounds containing a dioxolanone moiety formed by the fusion of 2-oxo-3-
phenylpropanoic acid and 3-methyl-2-oxobutanoic acid, which are products of the
oxidative deamination of phenylalanine and valine, respectively (Fig. 4.6). The
structure was determined by classical spectroscopic methods and confirmed by or-
ganic synthesis [45].
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Fig. 4.6 Guignardic acid from Guignardia sp. obtained
from Spondias mombin, an Anacardiaceaeous plant in
Brazil.

4.7.2.2 Endophytic Bacterial Products as Antibiotics
Only a limited number of bacterial species are known to be associated with plants,
with one of the most common genus encountered being Pseudomonas spp. Pseudo-
monas spp. have representative biotypes and species that are epiphytic, endophytic,
and pathogenic. They have been reported from every continent, including the Ant-
arctic. Some of these species produce phytotoxic compounds as well as antibiotics.
The ecomycins are produced by Pseudomonas viridiflava [46]; this bacterium is gen-
erally associated with the leaves of many grass species, and is located on and with-
in the tissues [46]. The ecomycins represent a family of novel lipopeptides, and
have masses of 1153 Da and 1181 Da, respectively. Besides common amino acids
such as alanine, serine, threonine, and glycine, some unusual amino acids are in-
corporated into the structure of the ecomycins, including homoserine and â-hy-



droxyaspartic acid [46]. The ecomycins are active against such human pathogenic
fungi as Cryptococcus neoformans and Candida albicans.

The pseudomycins produced by a plant-associated pseudomonad are another
group of antifungal peptides [47, 48]. The pseudomycins are active against a varie-
ty of plant and human pathogenic fungi, including Candida albicans, Cryptococcus
neoformans, and a variety of plant pathogenic fungi including Ceratocystis ulmi (the
Dutch Elm disease pathogen) and Mycosphaerella fijiensis (the causal agent of Black
Sigatoka disease in bananas). The pseudomycins are cyclic depsipeptides formed
by acylation of the OH-group of the N-terminal serine with the terminal carboxyl
group of L-chlorothreonine. Variety in this family of compounds is imparted via N-
acetylation by one of a series of fatty acids including 3,4-dihydroxydecanoate, 3-hy-
droxytetradecanoate, and others [48]. The pseudomycins contain several nontradi-
tional amino acids, including L-chlorothreonine, L-hydroxyaspartic acid, and both
D- and L-diaminobutryic acid. The molecules are candidates for use in human
medicine, especially when structural modification by chemical synthesis has suc-
cessfully removed any mammalian toxicity [49].

4.7.2.3 Endophytic Streptomycetes as Antibiotic Producers
Streptomyces spp. are filamentous bacteria that belong to the group Actinomyce-
tales and live in widely diverse ecological settings. Generally, this group is Gram-
positive, has a high G+C content, and does not have an organized nucleus. To
date, actinomycetes have been the world’s greatest source of natural antibiotics
[50]. In fact, just one genus – Streptomyces sp. – is the source of 80% of these com-
pounds. The majority of the antibiotic producers are known from soil sources, and
until recently it was not realized that these organisms can exist as endophytes. One
of the first endophytic Streptomyces spp. isolated was that from Lolium perenne, a
grass species [51]. This isolate produces a diketopiperazine that is only weakly anti-
biotic and has been designated methylalbonoursin [51]. Other streptomycetes with
activities against plant pathogens have been isolated from a number of plant spe-
cies in Japan and are being considered a biocontrol agents [52].

By using the ethnobotanical approach to plant selection, the snakevine plant,
Kennedia nigriscans, was chosen as a possible source of endophytic microbes, be-
cause of its long-held traditional use by Australian Aborigines to treat cuts and
open wounds with resultant reduction in infection and rapid healing. This plant
was collected near the Aboriginal Community of Manyallaluk in Northern Territo-
ry, Australia, and consistently produced an endophytic actinomycete designated
Streptomyces NRRL 30562 [19]. The organism was not found in several tree species
supporting the vine, which suggested a host-selective or specific association of the
endophyte with a specific plant genus. This streptomycete produces a family of ex-
tremely potent peptide antibiotics, and it may be the case that these compounds
not only protect the plant from fungal and bacterial infections but also have un-
knowingly served the Aborigines as a source of bush medicine.

The novel antibiotics produced by Streptomyces NRRL 30562, called munumbi-
cins E-4 and E-5, possess widely differing biological activities, depending on the
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target organism (U.F. Castillo et al., unpublished results). These compounds ap-
pear to be related to the actinomycins that are also produced by NRRL 30562 and
previously termed munumbicins A–D [19]. The munumbicins are effective against
a wide range of fungal pathogens of plants and certain Gram-negative and Gram-
positive bacteria. The masses of these compounds are 1315 Da and 1431 Da, re-
spectively, and they are currently being more completely chemically characterized.

Another endophytic Streptomyces sp. (NRRL 30566), from a fern-leaved grevillea
(Grevillea pteridifolia) tree growing in the Northern Territory of Australia, produc-
es, in culture, novel antibiotics called kakadumycins that are related to the echi-
nomycins [53]. Each of these antibiotics contains alanine, serine, and an unknown
amino acid. Kakadumycin A has wide-spectrum antibiotic activity, especially
against Gram-positive bacteria, and it generally displays better bioactivity than ech-
inomycin. For instance, against B. anthracis strains, kakadumycin A has MICs of
0.2–0.3 µg mL–1, in contrast to echinomycin at 1.0–1.2 µg mL–1. Both echinomycin
and kakadumycin A have impressive activity against P. falciparum with LD50s in
the range of 7 to 10 ng mL–1 (53). Kakadumycin A and echinomycin are related by
virtue of their very similar structures (amino acid content and quinoxoline rings),
but differ slightly with respect to their elemental compositions, aspects of their
spectral qualities, chromatographic retention times, and biological activities [53].

Echinomycin and kakadymycin A were both studied as macromolecular synthe-
sis inhibitors, with control substances such as ciprofloxacin, rifampin, chloram-
phenicol and vancomycin used as standards with well-established modes of action.
Tests were carried out for DNA, RNA, protein, and cell-wall synthesis inhibition ac-
tivities, respectively. Kakadumycin A significantly inhibited the RNA synthesis rate
in B. subtilis [53], and also substantially inhibited protein synthesis and cell wall
synthesis, but the effect was lower on DNA synthesis. Kakadumycin A shares a
very similar inhibitory profile with echinomycin in four macromolecular synthesis
assays. Kakadumycin A preferentially inhibits RNA synthesis, and may have the
same mode of action as echinomycin, which inhibits RNA synthesis by binding to
a DNA template [53]. This is yet another example of an endophytic actinomycete
having promising antibiotic properties.

More recently, endophytic streptomycetes have been discovered in an area of the
world claimed to be one of the most biologically diverse – the upper Amazon of Pe-
ru. The inner tissues of the Follow Me Vine, Monstera sp. commonly yields a ver-
ticillated streptomycete with outstanding inhibitory activities against pythiaceous
fungi as well as the malarial parasite Plasmodium falciparum. The bioactive compo-
nent is a mixture of lipopeptides and named coronamycin [54].

4.7.2.4 Volatile Antibiotics from Endophytes
Muscodor albus is a newly described endophytic fungus obtained from small limbs
of Cinnamomum zeylanicum (cinnamon tree) [55]. This xylariaceaous (nonspore-
producing) fungus effectively inhibits and kills certain other fungi and bacteria by
producing a mixture of volatile compounds [56]. The majority of these compounds
have been identified by GC-MS, synthesized or acquired, and then ultimately for-
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mulated into an artificial mixture. This mixture not only mimics the antibiotic ef-
fects of the volatile compounds produced by the fungus, but also was used to con-
firm the identity of the majority of the volatiles emitted by this organism [56]. Each
of the five classes of volatile compounds produced by the fungus had some micro-
bial effects against the test fungi and bacteria, but none was lethal. Collectively,
however, they acted synergistically to cause death in a broad range of plant and hu-
man pathogenic fungi and bacteria. The most effective class of inhibitory com-
pounds was the esters, of which isoamyl acetate was the most biologically active,
though in order to be lethal it must be combined with other volatiles [56]. The com-
position of the medium on which M. albus grows dramatically influences the type
of volatile compounds produced [57]. The ecological implications and potential
practical benefits of the “mycofumigation” effects of M. albus are very promising,
given the fact that soil fumigation using methyl bromide will soon be illegal in the
United States. Methyl bromide is not only a hazard to human health, but it has
been implicated in causing destruction of the ozone layer. The potential use of my-
cofumigation to treat soil, seeds, and plants will soon be a reality. The artificial mix-
ture of volatile compounds may also have value in treating seeds, fruits and plant
parts in storage and while being transported. In addition, M. albus is already in a
limited market for the treatment of human wastes. Its gases have both inhibitory
and lethal effects on fecal-inhabiting organisms such as Escherichia coli and Vibrio
cholera.

Using M. albus as a screening tool, it has now been possible to isolate other en-
dophytic fungi producing volatile antibiotics. The newly described M. roseus was
twice obtained from tree species found in the Northern Territory of Australia. This
fungus is equally effective as M. albus in causing inhibition and death of test mi-
crobes in the laboratory [58]. Other interesting M. albus isolates have been obtained
from several plant species growing in the Northern Territory and the jungles of the
Tesso Nilo area of Sumatra, Indonesia [59,60].

In addition, for the first time, a nonmuscodor species (Gliocladium sp.) was dis-
covered as a volatile antibiotic producer. The volatile components of this organism
are totally different than those of either M. albus or M. roseus. In fact, the most
abundant volatile inhibitor is [8]-annulene, formerly used as a rocket fuel and dis-
covered for the first time as a natural product. However, the bioactivity of the vola-
tiles of this Gliocladium sp. is not as good or comprehensive as that of the Musco-
dor spp. [61].

4.7.2.5 Antiviral Compounds from Endophytes
Another fascinating use of products from endophytic fungi is the inhibition of vi-
ruses. Two novel human cytomegalovirus (hCMV) protease inhibitors, cytonic ac-
ids A and B, have been isolated from solid-state fermentation of the endophytic
fungus Cytonaema sp. Their structures as were elucidated as p-tridepsides isomers
by MS and NMR methods [62]. It is apparent that the potential for the discovery of
compounds having antiviral activity from endophytes is in its infancy. The fact,
however, that some compounds have been found already is promising. The main
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limitation to compound discovery to date is probably related to an absence of com-
mon antiviral screening systems in most compound discovery programs.

4.7.2.6 Endophytic Fungal Products as Anticancer Agents
Taxol and some of its derivatives represent the first major group of anticancer
agents to be produced by endophytes (Fig. 4.7). Taxol, a highly functionalized di-
terpenoid, is found in each of the world’s yew (Taxus) species, but was originally
isolated from Taxus brevifolia [8]. The original target diseases for this compound
were ovarian and breast cancers, but now it also is used to treat a number of other
human tissue-proliferating diseases. The presence of taxol in yew species prompt-
ed the study of their endophytes. By the early 1990s, however, no endophytic fungi
had been isolated from any of the world’s representative yew species. After several
years of effort, a novel taxol-producing endophytic fungus, Taxomyces andreanae,
was discovered in Taxus brevifolia [20]. The most critical line of evidence for the
presence of taxol in the culture fluids of this fungus was the electrospray mass
spectrum of the putative taxol isolated from T. andreanae. In electrospray mass
spectroscopy, taxol usually gives two peaks, one at mass 854 which is M+H+, and
the other at 876 which is M+Na+. Fungal taxol had an identical mass spectrum to
authentic taxol [23]. Subsequent 14C-labeling studies showed the presence of fun-
gal-derived taxol in the culture medium [23]. These early studies set the stage for a
more comprehensive examination of the ability of other Taxus species and many
other plants to yield endophytes producing taxol.

Some of the most commonly found endophytes of the world’s yews and many
other plants are Pestalotiopsis spp. [24–27]. One of the most frequently isolated en-
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Fig. 4.7 Taxol, the world’s first billion-dollar anticancer drug is produced
by many endophytic fungi. It too, possesses outstanding antioomycete
activity.



dophytic species is Pestalotiopsis microspora [24]. An examination of the endophytes
of Taxus wallichiana yielded P. microspora, and a preliminary monoclonal antibody
test indicated that it might produce taxol (30). After preparative thin-layer chroma-
tography (TLC), a compound was isolated and shown by spectroscopic techniques
to be taxol. Labeled (14C) taxol was produced by this organism when it was admin-
istered several 14C precursors [63]. Furthermore, several other P. microspora iso-
lates were obtained from a bald cypress tree in South Carolina and also shown to
produce taxol [28]. This was the first indication that endophytes residing in plants
other than Taxus spp. were producing taxol. Therefore, a specific search was con-
ducted for taxol-producing endophytes on continents not known for any indige-
nous Taxus spp. This included investigating the prospects that taxol-producing en-
dophytes exist in South America and Australia. From the extremely rare (and pre-
viously thought extinct) Wollemi Pine (Wollemia nobilis), Pestalotiopsis guepini was
isolated which was shown to produce taxol [64]. Also, quite surprisingly, a rubia-
ceous plant, Maguireothamnus speciosus, yielded a novel fungus, Seimatoantlerium
tepuiense, that produces taxol. This endemic plant grows on the top of the tepuis in
the Venzuelan-Guyana border in southwest Venezuela [65]. Fungal taxol produc-
tion was also noted in Periconia sp. and Seimatoantlerium nepalense, another novel
endophytic fungal species [66, 67]. Simply, it appears that the distribution of those
fungi producing taxol is worldwide, and not confined to the endophytes of yews.
The ecological and physiological explanation for the wide distribution of taxol-pro-
ducing fungi seems to be related to the fact that taxol is a fungicide, and that the
most sensitive organisms to it are plant pathogens such as Pythium spp. and Phy-
tophthora spp. [68]. These pythiaceous organisms are some of the world’s most im-
portant plant pathogens, and are strong competitors with endophytic fungi for
niches within plants. In fact, their sensitivity to taxol is based on their interaction
with tubulin in an identical manner as in rapidly dividing human cancer cells
[9, 68]. Thus, bona fide endophytes may be producing taxol and related taxanes to
protect their respective host plant from degradation and disease caused by these
pathogens.

Other investigators have also made observations on taxol production by endo-
phytes, including the discovery of taxol production by Tubercularia sp. isolated
from the Chinese yew (Taxus mairei) in the Fujian province of southeastern main-
land China [69]. At least three endophytes of Taxus wallichiana produce taxol, in-
cluding Sporormia minima and Trichothecium sp. [70]. Using HPLC and ESIMS,
taxol has been discovered in Corylus avellana cv. Gasaway [71]. Several fungal endo-
phytes of this plant (filbert) produce taxol in culture [71]. It is important to note,
however, that taxol production by all endophytes in culture is in the range of sub-
microgram to micrograms per liter. Also, commonly, the fungi will attenuate taxol
production in culture, with some possibility for recovery, if certain activator com-
pounds are added to the medium [66]. Efforts are being made to determine the fea-
sibility of making microbial taxol a commercial possibility; the greatest prospect
for this may be the discovery of endophytes that produce large quantities of one or
more taxanes that could then be used as platforms for the organic synthesis of tax-
ol or one of its anticancer relatives.
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Torreyanic acid, a selectively cytotoxic quinone dimer and potential anticancer
agent, was isolated from a P. microspora strain (Fig. 4.8). This strain was originally
obtained as an endophyte associated with the endangered tree Torreya taxifolia
(Florida torreya), as mentioned above [72]. Torreyanic acid was tested in several
cancer cell lines, where it demonstrated five- to ten-fold more potent cytotoxicity in
cell lines sensitive to protein kinase C agonists; cell death was caused by apoptosis.
Recently, torreyanic acid was successfully synthesized by application of a biomi-
metic oxidation/dimerization cascade [73].

Alkaloids are also commonly found in endophytic fungi. Such fungal genera as
xylaria, phoma, hypoxylon, and chalara are representative producers of a relatively
large group of substances known as the cytochalasins, of which over 20 are now
known. Many of these compounds possess antitumor and antibiotic activities, but
because of their cellular toxicity they have not been developed into pharmaceuti-
cals. Three novel cytochalasins have recently been reported from Rhinocladiella sp.
as an endophyte on Tripterygium wilfordii. These compounds have antitumor activ-
ity and have been identified as 22-oxa-[12]-cytochalasins [74]. Thus, it is not uncom-
mon to find one or more cytochalasins in endophytic fungi, and this provides an
example of the fact that redundancy in discovery does occur, making dereplication
an issue even for these under investigated sources.

4.7.2.7 Endophytic Fungal Products as Antioxidants
Two compounds, pestacin and isopestacin, have been obtained from culture fluids
of Pestalotiopsis microspora, an endophyte isolated from a combretaceaous plant,
Terminalia morobensis, growing in the Sepik River drainage system of Papua New
Guinea [75,76]. Both pestacin and isopestacin display antimicrobial as well as anti-
oxidant activity. Isopestacin was attributed with antioxidant activity based on its
structural similarity to the flavonoids (Fig. 4.9). Electron spin resonance spectros-
copy measurements confirmed this antioxidant activity; the compound is able to
scavenge superoxide and hydroxyl free radicals in solution [75]. Pestacin was later
described from the same culture fluid, occurring naturally as a racemic mixture
and also possessing potent antioxidant activity [76]. The antioxidant activity of pes-
tacin arises primarily via cleavage of an unusually reactive C–H bond and to a less-
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Fig. 4.8 Torreyanic acid, an anticancer
compound, from Pestalotiopsis
microspora



er extent, through O–H abstraction [76]. The antioxidant activity of pestacin is at
least one order of magnitude more potent than that of trolox, a vitamin E derivative
[76].

4.7.2.8 Endophytic Fungal Products as Immunosuppressive Compounds
Immunosuppressive drugs are used today to prevent allograft rejection in trans-
plant patients, and in future could be used to treat autoimmune diseases such as
rheumatoid arthritis and insulin-dependent diabetes. The endophytic fungus, Fu-
sarium subglutinans, isolated from T. wilfordii, produces the immunosuppressive,
but noncytotoxic diterpene pyrones subglutinols A and B [77]. Subglutinol A and B
are equipotent in the mixed lymphocyte reaction (MLR) assay and thymocyte pro-
liferation (TP) assay, with an IC50 of 0.1 µM. In the same assay systems, the famed
immunosuppressant drug, cyclosporine A (also a fungal metabolite), was roughly
as potent in the MLR assay, but 104-fold more potent in the TP assay. Nonetheless,
the lack of toxicity associated with subglutinols A and B suggests that they should
be explored in greater detail as potential immunosuppressants [77].

4.8

Surprising Results from Molecular Biology Studies on Pestalotiopsis microspora

Of some compelling interest is an explanation as to how the genes for taxol produc-
tion may have been acquired by P. microspora [78]. Although the complete answer
to this question is not at hand, some other relevant genetic studies have been per-
formed on this organism. Pestalotiopsis microspora Ne 32 is one of the most easily
genetically transformable fungi that has been studied to date. The in-vivo addition
of telomeric repeats to foreign DNA generates extrachromosomal DNAs in this
fungus [78]. Repeats of the telomeric sequence 5′-TTAGGG-3′ were appended to
nontelomeric transforming DNA termini. The new DNAs, carrying foreign genes
and the telomeric repeats, replicated independently of the chromosome and ex-
pressed the information carried by the foreign genes. The addition of telomeric re-
peats to foreign DNA is unusual among fungi. This finding may have important
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Fig. 4.9 Isopestacin, an antioxidant
produced by an endophytic Pestalotiopsis
microspora strain, isolated from Terminalia
morobensis growing on the north coast of
Papua New Guinea.



implications in the biology of P. microspora Ne 32 as it explains at least one mech-
anism as to how new DNA can be captured by this organism and eventually ex-
pressed and replicated. Such a mechanism may begin to explain how the enor-
mous biochemical variation may have arisen in this fungus [28]. These initial stud-
ies also represent a framework to aid in the understanding of how this fungus
might adapt itself to the environment of its plant hosts, and suggests that the up-
take of plant DNA into its own genome may occur. In addition, the telomeric re-
peats have the same sequence as human telomeres, which points to the possibility
that P. microspora might serve as a means to make artificial human chromosomes,
a totally unexpected result.

4.9

Concluding Statements

Endophytes are a poorly investigated group of microorganisms that represent an
abundant and dependable source of bioactive and chemically novel compounds
with potential for exploitation in a wide variety of medical applications. The mech-
anisms through which endophytes exist and respond to their surroundings must
be better understood in order to be more predictive about which higher plants to
seek, study, and employ in isolating their microfloral components. This may facil-
itate the natural product discovery process.

Although investigations into the utilization of this vast resource of poorly under-
stood microorganisms has only just begun, it is already clear that the enormous po-
tential for organism, product, and utilitarian discovery in this field holds exciting
promise. This is evidenced by the discovery of a wide range of products, and micro-
organisms that present potential, as mentioned above. It is important for all in-
volved in these studies to realize the importance of acquiring the necessary permits
from governmental, local, and other sources to pick, and transport plant materials
(especially from abroad) from which endophytes are eventually to be isolated. In
addition to this aspect of the work is the added activity of producing the necessary
agreements and financial sharing arrangements with indigenous peoples or gov-
ernments in case a product does develop an income stream.

Certainly, one of the major problems facing the future of endophyte biology and
natural product discovery is the rapidly diminishing rainforests which hold the
greatest possible resource for acquiring novel microorganisms and their products.
The total land mass of the world that currently supports rainforests is about equal
to the area of the United States [16]. Each year, an area the size of Vermont or great-
er is lost to clearing, harvesting, fire, agricultural development, mining, or other
human oriented activities [16]. Presently, it is estimated that only a small fraction
(10–20%) of what were the original rainforests existing 1000–2000 years ago, are
currently present on the Earth [16]. The advent of major negative pressures on
them from these human-related activities appears to be eliminating entire mega-
life forms at an alarming rate. Few have ever expressed information or opinions
about what is happening to the potential loss of microbial diversity as entire plant
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species disappear. It can only be guessed that this loss is also happening, perhaps
with the same frequency as the loss of mega life forms, especially since certain mi-
croorganisms may have developed unique specific symbiotic relationships with
their plant hosts. Thus, when a plant species disappears, so too does its entire suite
of associated endophytes and consequently all of the capabilities that they might
possess to make natural products with medicinal potential. Multi-step processes
are needed now to secure information and life forms before they continue to be
lost. Areas of the planet that represent unique places housing biodiversity need im-
mediate preservation. Countries must establish information bases of their biodi-
versity and, at the same time, begin to create national collections of microorgan-
isms that live in these areas. Endophytes are just one example of a life form source
that holds enormous promise to impact many aspects of human existence. The
problem of the loss of biodiversity should be one of concern to the entire world.
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5.1

Introduction

Mistaken or willful adulteration of medicinal plant material can be a major prob-
lem in a wide range of situations. These include, for example, the production of tra-
ditional Chinese medicine prescriptions that often consist of a complex mixture of
ingredients, or the manufacture of certain herbal products, that are regarded as
dietary supplements in Western countries and therefore not subjected to stringent
safety controls. The problem is perhaps best exemplified by the major medicinal
crop ginseng. Cultivated common ginseng Panax ginseng C. A. Mey. fetches only
about 10–20% of the value accorded to American ginseng Panax quinquefolius L.,
and is therefore often marketed under the more “expensive” name [1]. Even worse,
completely unrelated and/or even poisonous species from various genera with
similar-looking roots (e.g., Bletilla, Curcuma, Gynura, Mirabilis and Phytolacca) are
sometimes also marketed as ginseng.

In medicinal plant production, quality control is usually attempted at two differ-
ent levels: (i) taxonomic authentication of the source material; and (ii) correct pre-
diction and standardization of the concentration of active phytochemicals. These
issues are closely interrelated, as many medicinally important species and species
complexes are quite heterogeneous, with differences in both composition and con-
centration of phytochemical substances [2]. For example, the use of field-collected
material from Achillea millefolium as a drug is problematic because of the heteroge-
neous distribution of medicinally important azulenes, flavonoids and essential oils
among closely related species that are difficult to distinguish in the field [3]. In or-
der to avoid undesirable variability in the efficacy of the commercial products, not
only the correct species assignment but also the unambiguous discrimination
among intraspecific breeding lines, strains, cultivars or accessions is of utmost im-
portance.

Traditionally, the identification of medicinal plants has been based on the evalu-
ation of phenotypic characteristics such as morphology, smell, taste, color, texture,
and size. These characteristics however have certain limitations, including: (i) in-
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sufficient variation among the samples; (ii) subjectivity in the analysis; (iii) plastic-
ity of the character, which could be due to the influence of the environment and
management practice; and (iv) ability to be scored only at certain stages of the plant
development (e.g., during flowering and/or fruiting) which may not coincide with
the commercially important stage or organ (e.g., roots in ginseng production).
More recently, traditional means of plant identification have been complemented
by advanced analytical methods of phytochemistry such as high-pressure liquid
chromatography (HPLC) and mass spectrometry (MS), as well as by molecular
biology. Among these novel techniques, molecular markers based on DNA se-
quence variation have become increasingly important for the identification and
authentication of medicinal plants and for the estimation of genetic diversity in
these crops (see also the review by Shaw et al. [4]).

In this chapter, we shall shortly describe some of the most commonly used DNA
methods for identifying plant material and for analyzing plant genetic diversity
and relatedness. We also list a number of recent studies that illustrate the potential
application ranges of plant DNA profiling in the characterization of medicinally
important plants. This survey is necessarily brief, but for more comprehensive de-
scriptions of the theory and methodology underlying DNA markers, experimental
protocols, strategies of data evaluation, and more applications, the reader is
referred to the monographic treatments presented by Henry [5], Avise [6] and
Weising et al. [7].

5.2

Methodology of Plant DNA Profiling

An obvious first step of most DNA profiling methods is the isolation of genomic
DNA from the sample of interest. Different profiling techniques require different
levels of purity of the DNA preparation. For example, high-quality DNA (and also
quantity!) samples are needed for DNA fingerprinting based on restriction frag-
ment length polymorphism (RFLP; see Section 5.2.2.1) and amplified fragment
length polymorphism (AFLP; see Section 5.2.2.4), as well as for all other methods
that involve the initial treatment of genomic DNA with restriction enzymes. These
enzymes are sensitive to small amounts of impurities, and total or partial inhibi-
tion of their activity will result in irreproducible banding patterns. On the other
hand, even highly degraded and/or contaminated preparations obtained from so-
called “quick and dirty” methods of DNA isolation, may still give interpretable re-
sults when analyzed by direct DNA sequencing (see Section 5.2.1) or microsatellite
markers (see Section 5.2.3).

Fresh leaves are the standard starting material for plant DNA isolation, but nu-
merous other sources have been successfully used. These include flower petals [8],
pollen grains [9], seeds [10], roots [11], rhizomes [12], tubers [13] and even dried
wood [14, 15]. Samples that cannot be processed immediately should preferably be
preserved by either freezing at –20 °C (or lower), freeze-drying, treatment with cer-
tain chemicals [16], or quick-drying in silica gel [17].
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There are many factors that potentially interfere with the successful isolation of
DNA from plant tissues. For example, endogenous nucleases may be activated dur-
ing the isolation procedure, resulting in DNA degradation. Also, polysaccharides,
polyphenols, latex, essential oils and other secondary compounds (which are com-
mon ingredients of medicinal plants; see [18]) may be co-isolated and cause damage
to DNA and/or inhibit subsequent enzymatic reactions. Numerous strategies have
been proposed to remove such impurities, including ultracentrifugation, preparative
gel electrophoresis, affinity chromatography, and many more [7]. DNA preparations
from forensic samples, herbarium specimens or processed plant products are partic-
ularly problematic, because they are often degraded, chemically modified, and/or
contaminated by foreign DNA and by substances inhibitory to the polymerase chain
reaction (PCR). Such specimens usually require special treatments [19, 20].

As an example, a DNA isolation protocol for market samples of dry tea leaves
was presented by Singh and Ahuja [21]. Relatively intact DNA was obtained, but
PCR was only successful when the leaves were preincubated in water and re-dried
before DNA extraction. This procedure removed much of the brown color, and pre-
sumably also part of the secondary products that otherwise interfered with DNA
amplification. Post-brewed tea samples, however, yielded heavily degraded DNA,
which was unsuitable for PCR [21].

Because of the factors listed above, plant DNA isolation efficiencies vary from
species to species, and from tissue to tissue. Accordingly, a huge number of plant
DNA isolation protocols have been published. These methods differ in many re-
spects, including the disruption of tissues and cells, the composition of extraction
buffers, and in the way that DNA is purified from other cell ingredients. A number
of common principles allow the distinction of certain “families” of methods. Per-
haps most commonly used is the so-called cetyltrimethylammonium bromide
(CTAB) strategy initially developed by Murray and Thompson [22], of which more
than 100 variants have since been published. More recently, commercial plant
DNA isolation kits and automated extraction have gained increasing attention and
importance, but these are also more costly than the traditional techniques.

A comprehensive description and discussion of the wide variety of plant DNA
extraction procedures was provided by Weising et al. [7]. Specific protocols have
been designed for various medicinally important plant species, including Achillea
millefolium (milfoil; [23]), Allium sativum (garlic; [18]), Artemisia annua [18, 24];
Catharanthus roseus [18], Curcuma longa (turmeric; [12]), Eleutherococcus senticosus
(Siberian ginseng; [23]), Mentha arvensis [18], Papaver somniferum (opium poppy;
[25]), Taxus wallichiana (yew; [18]), and Zingiber officinale (ginger; [12]).

5.2.1

DNA Sequencing

Determining the DNA sequence of one or more defined genomic regions is the
most obvious strategy to obtain genotypic data from any organism. Having been
somewhat tedious in the past, the collection of DNA sequence data for genotyping
purposes has been facilitated considerably by methodological and computational
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improvements, as well as by the availability of commercial sequencing services.
The invention of the PCR by Mullis and colleagues (reviewed in [26]) has been a
key step in this development. The PCR is an enzymatic method that allows the ex-
ponential in-vitro multiplication (or “amplification”) of any DNA sequence of inter-
est, as defined by a pair of flanking primers that serve as starting points for a ther-
mostable DNA polymerase. Typically, PCR products from the DNA region of inter-
est are sequenced directly on an automated, fluorescence-based sequencing ma-
chine. Mutational differences are then detected by vertical alignment of the DNA
sequences obtained from orthologous regions of all organisms to be compared.

Several issues should be considered when choosing a suitable DNA region for
sequence analysis. First, the region should exhibit an adequate level of variation for
solving the problem under investigation. For example, housekeeping genes tend to
be highly conserved, whereas microsatellites (see Sections 5.2.2.3 and 5.2.3) are hy-
pervariable. Second, the mode of inheritance of the targeted piece of DNA may
have to be taken into account (inheritance is typically uniparental for organellar
DNA and biparental for nuclear DNA). Finally, sequence data from flanking re-
gions should be available for PCR primer design. Often, so-called universal prim-
er pairs are used to generate the sequencing template. These are designed to bind
to conserved DNA sequence motifs within genes, and are therefore transferable
across species, genera and even families. Well-known examples are the so-called
internal transcribed spacer (ITS) primers that bind to the conserved coding region
of the nuclear 18S and 26S ribosomal RNA (rRNA) genes and amplify the often
polymorphic internal transcribed spacer (ITS) region [27]. Sets of universal prim-
ers are also available for organellar DNAs (see Section 5.2.4). In medicinal plants,
sequence data of the ITS or other ribosomal RNA gene regions have frequently
been applied for species identification [28–31] (see Section 5.3.1.1).

5.2.2

Multilocus DNA Profiling

The techniques summarized in this section share a number of common character-
istics. First, a more or less complex banding pattern of DNA fragments is generat-
ed that can serve as a type of bar code (“DNA fingerprint”). Depending on the tech-
nique used and the organisms investigated, this bar code can be specific to, for ex-
ample, an individual, a clone, a population, or even a species. Second, it is general-
ly possible to generate this bar code without previous DNA sequence information.
Most multilocus methods are therefore universally applicable to all organisms,
whether prokaryotic or eukaryotic. Third, the DNA fragments underlying the bar
code presumably reflect a more or less random sample of the whole genome (un-
like DNA sequencing, where only one or few genomic loci are analyzed). Fourth,
individual bands within a pattern are mostly biallelic and can only be scored as
present or absent. It is usually not possible to assign individual DNA fragments to
a particular genomic locus, allelic states cannot be determined, and homo- and het-
erozygotes cannot be distinguished. Multilocus markers must therefore be treated
as dominant, which reduces their potential for in-depth genetic analyses.
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5.2.2.1 Hybridization-Based RFLP Fingerprinting
Based on Southern blot analysis with radioactive hybridization probes and the
RFLP technique, the so-called “DNA fingerprinting” methodology was first intro-
duced to plant genome analysis during the late 1980s (reviewed in [32]). With this
method, it became possible for the first time ever to distinguish directly between
closely related plant genotypes at the DNA level, using only a single analysis. Hy-
bridization-based DNA fingerprinting has been used in many early studies on me-
dicinal plants, for example for the identification of micropropagated Achillea
clones [3]. The technique is highly reproducible and reliable, but involves many ex-
perimental steps and requires microgram quantities of DNA. This latter issue is of
particular relevance for medicinal samples, where often only small amounts of ma-
terial are available for examination. Today, hybridization-based fingerprinting is
rarely used, mainly because virtually all subsequently developed methods benefit
from the advantages of the PCR.

5.2.2.2 PCR with Arbitrary Primers
The introduction of PCR-based molecular marker methods during the early 1990s
constituted a new milestone in the field of DNA fingerprinting; two methods using
single primers with arbitrary sequence were published in 1990 [33, 34]), and a third
method in 1991 [35]. Numerous variants followed (for a review, see [7]). These usu-
ally short, arbitrary primers were shown to generate anonymous PCR amplicons
from genomic DNA, resulting in polymorphic banding patterns after gel electro-
phoresis and staining.

The RAPD (random amplified polymorphic DNA) approach developed by Wil-
liams et al. [34] has become the most popular variant of this “prototype” of PCR-
based DNA profiling, mainly because of its technical simplicity. On the negative
side, the reproducibility of RAPD banding patterns turned out to be relatively poor,
especially when results were compared among laboratories [36]. The value of
RAPD (and related) markers for genotype identification and genetic relatedness
studies has therefore been controversial. Nevertheless, literally thousands of
RAPD investigations on hundreds of species have been published during the past
15 years, also including medicinally important plant species from various genera
(e.g., Artemisia [37], Achillea [3], Echinacea [38], and Panax [30, 39, 40]).

5.2.2.3 PCR with Microsatellite-Complementary Primers
Another variant of multilocus PCR markers was proposed a few years later, and
was variously coined inter-simple sequence PCR (ISSR; [41]), single-primer am-
plification reactions (SPAR; [42]) or microsatellite-primed PCR (MP-PCR; [43, 44]).
The primers employed in this strategy were designed to anneal at the 5′- or 3′-ends
of so-called microsatellite DNA motifs, also known as simple sequence repeats
(SSRs). Microsatellites consist of tracts of short (1–5 bp) direct DNA repeats, which
are present at tens of thousands of sites in all eukaryotic and many prokaryotic ge-
nomes examined to date (for reviews, see [7, 45]; see also Section 5.2.3). The copy

775.2 Isolation of Plant DNA



number of the tandemly repeated motifs within a microsatellite is often highly var-
iable, resulting in frequent size polymorphisms.

If two inversely oriented microsatellites are located close enough to each other
on opposite strands of the DNA, primer binding results in the amplification of the
inter-repeat region. The use of so-called 5′-anchored primers ensures that part of
the polymorphic repeat itself is included in the product, enhancing the chance of
size variation [41, 46]. Like RAPDs, MP-PCR bands are separated by gel electropho-
resis and visualized by staining, fluorescence, or radioactivity. The method appears
to be under-utilized in medicinal plants, but has proven useful for studying genet-
ic variation in the endangered tropical tree Hagenia abyssinica [47].

5.2.2.4 AFLP Analysis
A further new method, known as AFLP analysis, which incorporated elements of
both RFLP and RAPD, was also developed during the mid-1990s [48, 49]. Although
technically more demanding than RAPDs, AFLP analysis produced very high num-
bers of polymorphic bands in a single experiment. The procedure involves several
steps. In the first step, genomic DNA is digested with restriction enzymes (usually
a combination of two enzymes is used, one with a six-base and one with a four-base
recognition sequence), and short adapters of a defined sequence are ligated to both
ends of the resulting DNA fragments. A subset of these fragments is then amplified
by PCR with a specially designed pair of primers. The 5′-portion of such an AFLP
primer is complementary to the adapter sequence, whereas its 3′-end extends for
one or a few, arbitrarily chosen, so-called “selective” nucleotides into the restriction
fragment. Because exact matching of the 3′-end of a primer is required for success-
ful PCR, only those fragments are amplified whose outmost nucleotides are able to
base-pair with the selective nucleotide(s) of the primer(s). Statistically, this is the
case for 1/16 of all restriction fragments if both primers carry a single base exten-
sion, but only for 1/4096 of all fragments if both primers carry a three-base exten-
sion. PCR products are eventually separated on polyacrylamide gels, and are visual-
ized by radioisotopic labeling, fluorescence, or silver staining.

The complexity of an AFLP banding pattern can be adapted to organisms of dif-
ferent genome size by choosing appropriate numbers of selective nucleotides. For
eukaryotic genomes, PCR is usually performed in two successive steps, with +1 se-
lective nucleotide in the first PCR (so-called preamplification), and +3 in the sec-
ond PCR. This procedure typically results in about 50 to 100 bands which are rela-
tively easy to evaluate. Examples of the use of AFLPs for investigating medicinal
plants include, among many others, the authentication of American ginseng, Pa-
nax quinquefolius [1], and the prediction of phytochemical contents in Echinacea [2].

5.2.3

Locus-Specific Microsatellite DNA Markers

Another popular DNA marker method is based on PCR with primers that are com-
plementary to the DNA sequences flanking microsatellites, rather than binding to
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the repeats themselves (which is the case in MP-PCR; see Section 5.2.2.3). As a
consequence of the variable number of tandem repeats within a microsatellite, the
products amplified by such primer pairs often exhibit considerable length differ-
ences among individuals or populations of the same species. Microsatellite analy-
sis, which was first introduced for plants in 1992 [50], produces locus-specific, mul-
tiallelic, easy-to-use, codominantly inherited bands with high levels of polymor-
phism and reproducibility. The resulting markers are excellent tools for genotype
identification, population genetics, genetic mapping and gene tagging. Moreover,
microsatellite data are easily managed and compared in databases, several marker
loci can be analyzed simultaneously by multiplexing fluorescence-labeled primer
panels [51, 52], reasonably well-interpretable results are obtained even with degrad-
ed DNA (when neither RAPDs nor AFLPs perform well), and the species-specific-
ity of the markers reduces the sensitivity to contamination by foreign DNA.

Their species-specificity is also a major drawback of microsatellite markers. Con-
trary to the generic multilocus profiling approaches described in Section 5.2.2, a
priori sequence information is needed for primer design, and the development of
species-specific primer pairs can be costly and time-consuming (for reviews, see
[53, 54]). Public databases have become an increasingly important source for mi-
crosatellite sequences, and database mining has become a valuable alternative to
genomic cloning in many species. Furthermore, microsatellite-flanking primer se-
quences are often conserved in congeneric species, or occasionally, even in other
genera (reviewed in [7]). Marker transferability is usually best for trinucleotide re-
peats that are often located in gene coding regions. Expressed sequence tag (EST)
databases are increasingly used for “fishing” well-conserved microsatellite mark-
ers, as has been demonstrated, for example, in cereals [55, 56].

One potential problem for some applications is the fact that mutation rates can
be very high, especially for dinucleotide repeat loci. Microsatellite markers are
therefore not recommended at or above the species level. To date, only a few stud-
ies have appeared on the application of microsatellite DNA in medicinal plants [57,
58], but this is likely to increase in the near future.

5.2.4

PCR-Based RFLP Analysis of Organellar and Nuclear Genomes

Whereas the above-mentioned DNA marker methods focus on nuclear DNA, it
may sometimes be more feasible to study the organellar genomes. A series of uni-
versal PCR primers have been developed, which allow the amplification of chloro-
plast and mitochondrial DNA introns and intergenic spacers in a wide array of
plant species [59–61]. PCR products amplified with organelle-specific primer pairs
are either sequenced directly (see Section 5.2.1), or digested with restriction en-
zymes in an approach known as PCR-RFLP. The lack of genetic recombination of
the chloroplast genome allows the combination of polymorphisms observed at sev-
eral loci to form a so-called haplotype. PCR-based RFLP analysis can also be ap-
plied to nuclear DNA, as exemplified in the CAPS (cleaved amplified polymorphic
sequences) approach [62].
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5.2.5

Other DNA Marker Methods

During the past decade, a plethora of additional, mostly PCR-based DNA marker
methods have been developed, none of which has become as popular as RAPDs,
MP-PCR, AFLPs and microsatellites. The PCR primers employed in these more ex-
otic methods are targeted at a wide range of genomic DNA motifs, including patho-
gen resistance genes, intron-exon splice junctions, transposons, minisatellites,
and many others. The diversity of methods has been further enhanced by various
combinations of existing methods, as exemplified by SAMPL (selective amplifica-
tion of polymorphic microsatellite loci [63]), which combines AFLP- and microsat-
ellite-specific primers, and by S-SAP (sequence-specific amplification polymor-
phism [64]), which combines AFLP- and retrotransposon-specific primers (for a
comprehensive survey on these techniques see [7]).

5.2.6

The Next Generation: SNPs and DNA Microarrays

The analysis of single nucleotide polymorphisms (SNPs) represents a relatively re-
cent addition to the spectrum of plant DNA profiling methods (reviewed in
[65–67]). The term “SNP” refers to a single base pair position in the DNA, at which
different sequence alternatives exist at notable frequencies in a population or spe-
cies. In principle, a SNP locus can have two to four alleles, but biallelic polymor-
phisms usually prevail. Because SNPs are caused by base substitutions, mutation
rates at each individual marker locus are relatively low. Nevertheless, even closely
related genotypes are discriminated by thousands of SNPs distributed throughout
the genome. The average density of SNPs depends on the species and genomic re-
gion investigated. In the few plant species examined in detail to date, about one
SNP was found per 200–500 bp [67].

Establishing SNP-based genomic profiling for a plant species of interest in-
volves: (i) the discovery of a sufficient number of SNPs in the respective genomes;
and (ii) the development of a suitable assay. For model organisms and major crops,
database mining is a promising strategy for discovering SNPs in silico [68]. Howev-
er, few database data are yet available for medicinal plant species, and SNPs will
therefore have to be discovered experimentally. This can be done in a variety of
ways, perhaps most economically by single-stranded conformation polymorphism
(SSCP) analysis of PCR products (reviewed in [69]). A good option is also to convert
other types of markers into SNPs, as has been demonstrated for AFLP products
[70].

Many strategies have been developed for SNP detection, ranging from direct se-
quencing or SSCP analysis on the trivial side of the spectrum, to high-throughput
allele-specific PCR, ligation or oligonucleotide hybridization methods on the more
elaborate side (for reviews, see [71, 72]). “SNPology” is a rapidly expanding field,
and new techniques and modifications of existing techniques are developed at
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high rates. SNP assays become most time-efficient in conjunction with DNA mi-
croarray technology, where multiple SNP-carrying DNA oligonucleotides are as-
sembled and analyzed simultaneously on a small silicon chip (for recent reviews,
see [73, 74]).

In plants, SNP markers are already well-established in the model organism
Arabidopsis thaliana [e.g., 75] and in major crops such as the cereals [e.g., 68, 76].
However, SNPs are not yet in common practice in medicinal plants. The need to
develop specific SNP-based marker systems for each species of interest is a major
obstacle, and is certainly the main reason why generic markers such as RAPDs and
AFLPs are still preferred. Nevertheless, chip-based DNA profiling of Chinese me-
dicinal plant DNA has already been performed [77–79] (for details, see Section
5.3.1.1). Moreover, an electrochemistry-based approach was suggested by Lee and
Hsing [80], who used a 16-base DNA oligonucleotide immobilized on an electrode
surface for hybridization detection of PCR-amplified target DNA molecules. With
this hand-held device, it was possible to discriminate between two Chinese herbal
species of Fritillaria [80].

5.3

Applications

5.3.1

Genotype Identification

Most of us are aware of the importance of individual-specific human DNA finger-
prints in, for example, forensics. For medicinal plant material, identification issues
usually focus on species (or other taxonomic units) or accessions but, occasionally,
also on individual genotypes when, for example, suspected of somaclonal variation
after in-vitro propagation.

5.3.1.1 Plant Species
Unambiguous identification of a given plant species by DNA sequencing is rela-
tively easy and straightforward when the target species is sufficiently distinct from
all other relevant taxa. Proper identification is considerably more ambiguous when
closely related species are compared. For example, Ngan et al. [81] attempted to dis-
criminate the roots of six Panax species from each other and from two common
adulterants, Mirabilis jalapa and Phytolacca acinosa, by DNA sequence analysis of
the 5.8S rRNA gene. High levels of sequence homology (ca. 99%) were shared
among the six Panax species, but also between Panax and the two adulterants
(96–97%). Instead, better discrimination was achieved by sequencing the two inter-
nal transcribed spacers (ITS1 and ITS2) surrounding this gene. Whereas ITS se-
quence homology among the various Panax species was still high (93–99%), it fell
to less than 62% when these were compared with the two putative adulterants from
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other genera. The few ITS sequence differences between the closely related species
P. ginseng and P. quinquefolious were utilized in developing an RFLP-based discrim-
ination protocol; even as little as 10% contamination of P. ginseng in the P. quinque-
folius sample could be detected in this way. High levels of sequence homology
among Panax species were also reported for the nuclear 18S rRNA gene and the
matK gene, although minor intraspecific polymorphism was noted in P. notogin-
seng [28]. In contrast, the 5S rRNA genes were relatively divergent (76–97% se-
quence homology among Panax species [30]), though with such sequences there is
an increased risk of confounding intraspecific variability.

Species identification and discrimination may be less reliable when DNA profil-
ing methods are used instead of DNA sequencing. Because most of the common-
ly used DNA marker methods reveal considerable amounts of intraspecific poly-
morphism, so-called “species-specific” or even “species-diagnostic” marker bands
may not necessarily hold up for the whole species. This is especially true when
such claims are based on the analysis of a few samples only (as with studies on Ech-
inacea [38] and Panax species [40]). Considerable intraspecific diversity was report-
ed in a study of P. ginseng and P. quinquefolius, based on RAPD and allozymes [82].
The same two species were also analyzed using AFLP on a set of samples obtained
from several different farms in China and Korea, and in Canada and the USA, re-
spectively [1]. The latter species was shown to contain more variation between lo-
calities (similar index values for pairwise comparisons: 0.64–0.96) than the former
(0.88–0.99). One AFLP band detected only in P. ginseng was excised from the poly-
acrylamide gel, and then cloned and sequenced. It proved to contain a minisatellite
region (eight repeats of 22 nucleotides). When used as a single PCR primer, the
minisatellite motif produced a profile discriminatory for the two Panax species [1].

Sequencing of the nuclear ITS1-5.8S-ITS2 rRNA gene region was successfully
used to differentiate among 16 species in the orchid genus Dendrobium, and also
between the orchids (some of which are used for the Chinese medicine “herba den-
drobii” or “shihu”) and some commonly used adulterants such as Pholidota [29]. In
this study, species authentication was facilitated by low levels of intra-specific ITS
variation. More recently, this ITS sequencing information was used to develop a
glass slide-based oligonucleotide DNA microarray, where target sequences were la-
beled with a fluorescent dye, and the presence of hybridized target sequence was
detected with a confocal laser scanner [79]. This microarray produced distinctive
signals for the five Dendrobium species traditionally recognized as having medici-
nal value, and it was able specifically to detect the presence of D. nobile material in
a medicinal formulation containing nine different herbal components.

A DNA microarray approach for species identification was also taken by Carles
et al. [78]. These authors designed a silicon chip that could differentiate among a
set of 20 common and toxic plant species currently used in traditional Chinese
medicine. The probes immobilized on the chip were based on 5S rRNA gene
sequences or, in two cases, on the sequence of a leucine-specific transfer RNA
(tRNA) gene. Even the closely related species pair Datura innoxia and D. metel
(Solanaceae) could be distinguished, in spite of differing by only two nucleotides.
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5.3.1.2 Plant Cultivars and Accessions
Successful discrimination among cultivars or accessions depends, to a large extent,
on the means of propagation, as well as the mating system of the crop species
under study. All plants belonging to a particular cultivar of a vegetatively propagat-
ed crop are expected to share identical DNA fingerprints, except for rare mutations
– so-called “sports”. The identification of cultivar-specific band patterns is fairly
easy when the cultivar itself is homogeneous, as demonstrated by a RAPD study in
Panax ginseng [83]. One RAPD band was found that could identify a selected elite
strain, Kaishusan, from other strains. By sequencing this band, primers for a more
easily used locus-specific marker (see Section 5.4) were developed.

In most cases, DNA markers are unable to detect any difference between a sport
and its original cultivar [e.g., 84]. This is because: (i) only a very small portion of the
genome is sampled, even when a large number of markers are employed; and (ii)
changes in phenotype are often a consequence of chimerism, caused by a mutation
in only one of the three meristematic cell layers that differentiate into the various
plant tissues [85]. However, there are also exceptions. Although garlic (Allium
sativum) has been propagated vegetatively since time immemorial, a surprisingly
high number of quite different genotypes were encountered by analysis with
AFLP, RAPD and isozyme markers [86]. Possibly many of the clones have existed
for a very long time and therefore acquired numerous mutations, although occa-
sional influx from sexual forms may also have occurred.

In sexually propagated crops, considerable levels of genetic variability usually
persist also within cultivars or accessions. Pooling (or bulking) of samples is some-
times undertaken for generating cultivar-specific DNA profiles, especially in out-
crossing crops. For soybean Glycine max, Diwan and Cregan [87] suggested that
analyses should be based on bulks of 30 to 50 plants. Alternatively, several plants
from each cultivar can be analyzed individually, and intra- and intercultivar var-
iability are then partitioned statistically, for example by an analysis of molecular
variance (AMOVA) [88].

The choice of profiling method should take the type of plant into consideration
as well as the total number of samples to be examined. For small tests with only a
few simultaneously analyzed samples, reproducibility and documentation may be
less important, and any method providing sufficiently variable markers would be
acceptable. Numerous studies in this direction have been carried out using multi-
locus methods such as AFLP and RAPD profiling. For example, six commercial
cultivars of thyme (Thymus vulgaris L.), all belonging to the thymol chemotype,
were successfully differentiated using RAPD markers, and could be divided into
two major groups [89]. The same two groups were retrieved in a multivariate anal-
ysis based on their oil content profiles, as determined by gas chromatography.

5.3.1.3 In-Vitro-Propagated Plant Material
Tissue culture techniques often produce regenerants that differ from their paren-
tal phenotype, a phenomenon termed “somaclonal variability”. As with sports,
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such variation is rarely detectable with DNA markers. Thus, somatic embryogene-
sis induced in callus tissues of Panax notoginseng resulted in plantlets that could
not be differentiated even with a large set of RAPD primers [39]. Similarly, no vari-
ation in RAPD banding patterns was encountered among first-regeneration cycle
somaclones of Hypericum perforatum, whereas three out of 51 somaclones obtained
from the second cycle differed by a single band [90].

5.3.2

Genetic Diversity

In many situations, it is necessary to estimate the amount of genetic diversity in
the plant material from which samples are taken for authentication. Markers based
on slowly evolving DNA sequences are adequate for the analysis of historical
events on longer timescales, whereas markers derived from fast-evolving sequen-
ces are more suitable for analyzing recently diverged populations. For highly
diverse entities – for example, populations or accessions in cross-pollinating and
variable species – a larger number of samples may need to be taken, or a higher
number of markers analyzed for each sample.

5.3.2.1 Variation and Relatedness Among Cultivars and Accessions
Inter-cultivar relationships can be studied at different scales. Sometimes, the only
objective is to assign the most likely parents from a selection of candidates, where-
as in other cases the intention is to reveal relationships across the whole set of cul-
tivars or accessions available for the study. In the search for Artemisia annua plants
with increased levels of artemisinin production, screening of genetic diversity was
undertaken in a ten-year-old introduced population in India [37]. Since no less than
97 out of 101 RAPD markers were polymorphic, high levels of variation obviously
occurs in this population, suggesting that genetic improvement for phytochemical
traits should be possible.

As may be expected from its rarity in nature, very low levels of genetic diversity
were encountered within and among accessions of the “living fossil” Ginkgo biloba
introduced from China and now grown in eastern USA [91]. Thus, no variation at
all was detected by a PCR-RFLP analysis of chloroplast DNA (see Section 5.2.4),
and only five out of 99 RAPD fragments turned out to be polymorphic. One of the
fragments was turned into a probe and used for hybridization with Southern-
blotted RAPD gels to allow a more accurate analysis. Using the excised RAPD band
directly as a probe yielded multibanded (but different) patterns in all the screened
samples. When the probe was first purified, hybridization revealed a correspond-
ing band only in those samples that appeared to have the band also with the initial
analysis [91].

In a study on Cannabis sativa, Gilmore et al. [57] demonstrated the potential of
microsatellite analysis for forensic investigations. According to an AMOVA, 25%
of the total genetic variation existed between accessions, and 6% between the two
major Cannabis sativa groups used for fiber and drug production, respectively.
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These results showed that microsatellite DNA fingerprinting may aid in determin-
ing agronomic type, geographic origin and production locality of these clonally
propagated drug crops. It was, however, not possible to find any consistency
between the patterns of relatedness among the different accessions on the one
hand, and their contents of tetrahydrocannabinol on the other hand.

5.3.2.2 Amount and Distribution of Variability in Wild-Growing Plants
Information concerning the amount and geographic distribution of intraspecific
genetic variation can be important when harvesting plant tissue in the wild for me-
dicinal drug production, but even more when setting up programs for genetic im-
provement of the crop itself. Both dominantly (e.g., AFLP and RAPD) and codom-
inantly inherited markers (e.g., microsatellites) have frequently been used to study
population structure. The overall patterns concerning the extent and partitioning
of genetic variability appear to be quite similar regardless of marker type, provided
that the numbers of analyzed markers are sufficiently high [92]. The general pic-
ture arising from large data compilations is that long-lived, outcrossing and late
successional species retain most of their variation within populations, whereas an-
nual, self-pollinating and early successional species allocate more variation among
populations [92].

In order to evaluate genetic variability in the rapidly decreasing Valeriana wallro-
thii (a member of the medicinally important V. officinalis species complex) in Italy,
eight populations were studied with AFLP and chloroplast microsatellite markers
[93]. AFLP data were highly informative, and demonstrated pronounced popula-
tion differentiation in spite of the outcrossing breeding behavior of the species, as
well as strong effects of grazing and agriculture. By contrast, only one of six chlo-
roplast loci was polymorphic, with two alleles. The amount and geographic parti-
tioning of genetic variation have been determined in many other medicinal plants,
such as foxglove (Digitalis obscura) studied with RAPD [94], drum-stick tree (Morin-
ga oleifera) studied with AFLP [95]), endod (Phytolacca dodecandra) studied with
AFLP and RAPD [96], neem tree (Azadirachta indica) studied with AFLP and
SAMPL [97], and tea tree (Melaleuca alternifolia) studied with microsatellite mark-
ers [98]. Wide ranges of genetic variability and its spatial distribution were ob-
served, in spite of all these species being outcrossing and rather widely distributed.

Some plant species are able to form large clones, due to vegetative propagation
and/or apomixis – that is, seed set without prior fertilization. Because all members
of a clone are genetically identical, the type of marker used for differentiation
among clones is largely irrelevant provided that the discriminatory power is suffi-
ciently high. Thus, apomictically and sexually derived offspring in the facultative
apomict Hypericum perforatum could be discriminated by RAPD profiling [99] as
well as by AFLPs and RFLP fingerprinting [100].

DNA fingerprinting is an important instrument for the characterization of
germplasm; that is, the total genetic diversity present in the world for a certain
crop, encompassing old and newly bred cultivars, landraces and related wild spe-
cies. DNA markers have also provided valuable data for the identification of suit-
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able material for in-situ preservation, the establishment of ex-situ gene banks and
core collections with maximum diversity [101, 102], and for the detection of unde-
sirable duplicates in germplasm collections [86, 103]. If drug production is based
mainly on wild-collected material of rare plant species, conservation issues may be-
come very important, as has been discussed in the frame of a RAPD study of vari-
ability and gene flow in the African tree Prunus africana [104], and for domesticat-
ed and wild species of Asian Panax studied with ITS sequencing and AFLP [105].

5.3.2.3 Plant Systematics
Knowledge concerning phylogenetic relationships (species origination) and phe-
netic patterns (present-day similarity among species) can help to develop methods
for discrimination among species, as well as provide information about which spe-
cies may constitute the most promising sources of certain biochemical com-
pounds. Many phylogenetic studies have been based on DNA sequencing data, es-
pecially of cpDNA and nuclear ribosomal RNA genes and spacers [e.g., 27]. Se-
quencing the ITS region was, for example, undertaken in a worldwide collected set
of 50 Hypericum taxa [31]. Three strongly supported monophyletic clades plus sev-
eral secondary monophyletic groupings were revealed. The medicinally important
H. perforatum could be distinguished from all other analyzed species. Another Hy-
pericum study made use of PCR-RFLP with universal chloroplast DNA primers
[106]. Polymorphism was found between three of the six taxa collected in Croatia,
but not among three subspecies of H. performatum.

In another cpDNA-CAPS study, all 15 recognized taxa in the genus Hippophae
were analyzed [107]. Two parsimony analyses were carried out; one based on PCR-
RFLP of cpDNA, and one based on a combined data set (cpDNA plus morphologi-
cal traits). The results of both analyses were congruent with each other, with those
of a previous RAPD study, and in part also with some earlier taxonomic classifica-
tions. A PCR-RFLP study of five amplified cpDNA fragments was performed with
13 populations of the genus Panax in Nepal and China [108]. Distinct groupings
were obtained, suggesting that most of the subspecies treated under P. pseudogin-
seng are quite different from each other and from subsp. pseudoginseng itself, and
should be given species rank.

Multilocus DNA profiles are often exploited for systematic analyses of closely re-
lated species, where neither ITS nor cpDNA sequencing reveal sufficient polymor-
phism [109]. Echinacea is a genus with very restricted polymorphism in the ITS1,
ITS2 and 5.8S regions [110], and may therefore be more suited to multilocus mark-
er approaches. Kim et al. [111] initiated an AFLP study comprising 39 plants from
12 Echinacea taxa. Two species were represented by two populations each, the oth-
ers by a single population. A neighbor-joining phenogram based on approximate-
ly 1000 polymorphic AFLP fragments demonstrated the existence of two major
clades, with E. pupurea in the smaller clade together with E. sanguinea and E. simu-
lata.

Potential problems with the use of dominant markers for phylogenetic recon-
struction are mainly caused by the (usually unproven) assumptions that all DNA
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fragments within a pattern represent independent characters, and that fragments
of equal length are homologous with each other (see also two recent reviews by
Bussell et al. [112] and Koopman [113]). In general, homology is quite high when
closely related taxa are compared, but drops sharply with increasing phylogenetic
distance. Thus, Mechanda et al. [114] analyzed co-migrating AFLP fragments from
several Echinacea species by DNA sequencing. Whereas pairwise sequence iden-
tities for an AFLP band that was monomorphic among all taxa ranged from ~76%
to 99% within a species, it fell to an average of ~58% among species. Still lower se-
quence identities were observed for a polymorphic band that was present in 48 of
79 taxa. Nevertheless, the existence of a sizeable phylogenetic signal has been dem-
onstrated in many AFLP-based data sets, and various methods to quantify the exis-
tence of phylogenetic information and to evaluate the support of internal branches
in the resulting trees are available [113].

5.3.3

Gene Tagging

The breeding of medicinal plant crop plants has the potential to enhance both yield
and quality of the ultimate product. In this context, one of the most important ap-
plications of molecular markers is the establishment of a genetic linkage between
a trait of interest and an easy-to-detect marker. These markers can then be exploit-
ed for so-called marker-assisted selection, a strategy that allows the detection of
and selection for specific traits that would otherwise require time-consuming
and/or costly analyses. Such a character is sex in dioecious plants, which may not
be determined until the plants are old enough to flower for the first time. For ex-
ample, a sex-linked RAPD marker was developed and subsequently shown to occur
in all the male plants of sea buckthorn Hippophae rhamnoides while lacking in all
the female plants of the same seedling family [115]. Another well-known dioecious
plant of medicinal interest is Cannabis sativa, for which RAPD analysis has also
proved useful for developing male-specific markers [116].

The construction of genetic linkage maps is one of the most prominent applica-
tions of DNA markers [117]. Such maps are, in their turn, very useful for elucidat-
ing the genetic basis of complex traits, and for localization and cloning of genes.
Genetic linkage maps based on various types of molecular markers have also been
constructed for plants of medicinal relevance, such as garlic and Pacific yew (Tax-
us brevifolia). In the latter, 41 of a total of 102 RAPD bands were distributed into 17
linkage groups [118]. In garlic, SNPs, SSRs and RAPDs were used to define nine
linkage groups, one of which also included a locus for male fertility [119]. In an-
other garlic project, 216 and 143 AFLP markers, respectively, were mapped in two
segregating populations obtained by selfing [120]. In addition, gene-specific mark-
ers for alliinase, chitinase, sucrose 1-fructosyltransferase and chalcone synthase
could be placed on these maps.

In a different gene tagging approach, directed at the establishment of markers
for multiple-gene inherited traits, Baum et al. [2] screened 52 Echinacea purpurea
plants (both cultivated and wild) with a total of 232 AFLP markers. These same
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plants were also subjected to HPLC analysis of two bioactive phytochemicals, ci-
choric acid and “tetraene”. Regression analysis and canonical correlation analysis
were used to explore the relationships between DNA bands and chemical contents.
Thus, a set of 22 DNA bands were found, which can be used in the future for pre-
dicting the phytochemical profile of individual plants.

5.4

Conclusions

The rapidity with which large numbers of samples can be processed and the ubiq-
uitous applicability to all organisms without previous sequence information has
made PCR-based multilocus profiling methods highly popular for many applica-
tions, including the authentication of medicinal plants. However, these methods
have their drawbacks. An important issue is the often limited reproducibility, espe-
cially in the case of RAPDs [36]. MP-PCR analyses can be performed at higher
stringency and were therefore initially claimed to be more reliable than RAPDs
[43], but this view has been challenged in later investigations [44]. Among multilo-
cus markers, reproducibility appears to be best for AFLP [121] which is also regard-
ed as the method of choice when high numbers of bands and maximum discrimi-
natory potential are desired. Reproducibility can also be increased by converting in-
dividual DNA fragments of particular diagnostic importance into locus-specific
SCAR markers (sequence characterized amplified regions [83, 122, 123]). This is
done by sequencing the gel-purified fragment, followed by designing a locus-spe-
cific PCR primer pair.

Data sets produced by DNA sequencing are usually more reliable, as are locus-
specific methods such as microsatellites and SNPs. Because these methods are al-
so less sensitive to contamination and DNA degradation, they should actually be
preferred over multilocus profiling, be it RAPD or AFLP. Unfortunately, DNA se-
quencing is not sufficiently sensitive for many applications, and the development
of microsatellites and SNPs is both expensive and time-consuming. However, the
actual assays are quite cheap for both types of markers, and the costs of microsat-
ellite analysis can be further reduced by establishing multiplexed “genotype iden-
tification sets” [51, 52]. A few recent reports have already demonstrated that micro-
array-based DNA profiling of herbal plant material is feasible, also in conjunction
with portable microdevices [77–79]. It is safe to assume that SNP profiling will be-
come more cost-effective by the availability of large, standardized DNA chips that
allow the simultaneous analysis of hundreds of genotypes. The importance of mul-
tiplexed microsatellites and SNP profiling for medicinal plant authentication is
therefore likely to increase in the near future.

88 5 DNA Profiling of Plants



References

89References

1 Ha, W.Y., Shaw, P.C., Liu, J., Yau, F.C.F.,
Wang, J. Authentication of Panax ginseng
and Panax quinquefolius using amplified
fragment length polymorphism (AFLP)
and directed amplification with micro-
satellite region DNA (DAMD). J. Agric.
Food Chem. 2002, 50, 1871–1875.
[Application of two types of DNA
markers, AFLP and DAMD, in an
important crop.]

2 Baum, B.R., Mechanda, S., Livesey, J.F.,
Binns, S.E., Arnason, J.T. Predicting
quantitative phytochemical markers in
single Echinacea plants or clones from
their DNA fingerprints. Phytochemistry
2001, 56, 543–549. [Application of AFLP,
and analysis of linkage between DNA
markers and phytochemical contents.]

3 Wallner, E., Weising, K., Rompf, R.,
Kahl, G., Kopp, B. Oligonucleotide
fingerprinting and RAPD analysis of
Achillea species: characterization and
long-term monitoring of micropropagat-
ed clones. Plant Cell Rep. 1996, 15,
647–652.

4 Shaw, P.C., Ngan, F.N., But, P.P.H.,
Wang, J. Authentication of Chinese
medicinal materials by DNA technology.
J. Food Drug Anal. 1997, 5, 273–283.
[Informative review paper about DNA-
based identification of traditional
Chinese medicinal plants.]

5 Henry, R.J. (Ed.), Plant Genotyping: The
DNA Fingerprinting of Plants. CAB
International Publishing, Wallingford,
2001. [Multi-authored book covering
various DNA marker techniques
(including SNPs) and their applications
in plants.]

6 Avise, J.C. Molecular Markers, Natural
History, and Evolution. Second edition.
Sinauer Associates, Sunderland, 2004.
[Survey of theoretical and practical
aspects of DNA marker techniques.]

7 Weising, K., Nybom, H., Wolff, K., Kahl,
G. DNA Fingerprinting in Plants:
Principles, Methods and Applications. CRC
Press, 2005. [In-depth descriptions of
DNA-based marker methodology, data
analyses and applications.]

8 Lin, J.-Z., Ritland, K. Flower petals allow
simpler and better isolation of DNA for

plant RAPD analyses. Plant Mol. Biol.
Rep. 1995, 13, 210–213.

9 Simel, E.J., Saidak, L.R., Tuskan, G.A.
Method for extracting genomic DNA
from non-germinated gymnosperm and
angiosperm pollen. BioTechniques 1997,
22, 390–394.

10 Kang, H.W., Cho, Y.G., Yoon, U.H.,
Eun, M.Y. A rapid DNA extraction
method for RFLP and PCR analysis from
a single dry seed. Plant Mol. Biol. Rep.
1998, 16, 90(1–9).

11 Kumar, A., Pushpangadan, P., Mehrotra,
S. Extraction of high-molecular-weight
DNA from dry root tissue of Berberis
lycium suitable for RAPD. Plant Mol.
Biol. Rep. 2003, 21, 309a–309d.

12 Syamkumar, S., Lowarence, B.,
Sasikumar, B. Isolation and amplifica-
tion of DNA from rhizomes of turmeric
and ginger. Plant Mol. Biol. Rep. 2003,
21, 171a–171e.

13 Wulff, E.G., Torres, S., Vigil, E.G.
Protocol for DNA extraction from potato
tubers. Plant Mol. Biol. Rep. 2002, 20,
187a–187e.

14 Deguilloux, M.F., Pemonge, M.H., Petit,
R.J. Novel perspectives in wood certifica-
tion and forensics: dry wood as a source
of DNA. Proc. R. Soc. Lond. B 2002, 269,
1039–1046.

15 Reynolds, M.M., Williams, C.G. Extract-
ing DNA from submerged pine wood.
Genome 2004, 47, 994–997.

16 Rogstad, S.H. Saturated NaCl-CTAB
solution as a means of field preservation
of leaves for DNA analyses. Taxon 1992,
41, 701–708.

17 Chase, M.W., Hills, H.H. Silica gel: an
ideal material for field preservation of
leaf samples for DNA studies. Taxon
1991, 40, 215–220.

18 Khanuja, S.P.S., Shasany, A.K., Darokar,
M.P., Kumar, S. Rapid isolation of DNA
from dry and fresh samples of plants
producing large amounts of secondary
metabolites and essential oils. Plant Mol.
Biol. Rep. 1999, 17, 74(1-7).

19 Savolainen, V., Cuénoud, P., Spichiger,
R., Martinez, M.D., Crèvecoeur, M.,
Manen, J.-F. The use of herbarium
specimens in DNA phylogenetics:



90 5 DNA Profiling of Plants

evaluation and improvement. Plant Syst.
Evol. 1995, 197, 87–98.

20 Biss, P., Freeland, J., Silvertown, J.,
McConway, K., Lutman, P. Successful
amplification of rice chloroplast
microsatellites from century-old grass
samples from the park grass experiment.
Plant Mol. Biol. Rep. 2003, 21, 249–257.

21 Singh, B.M., Ahuja, P.S. Isolation and
PCR amplification of genomic DNA
from market samples of dry tea. Plant
Mol. Biol. Rep. 1999, 17, 171–178.

22 Murray, M.G., Thompson, W.F. 
Rapid isolation of high molecular 
weight plant DNA. Nucleic Acids Res.
1980, 8, 4321–4325.

23 Pirttilä, A.M., Hirsikorpi, M.,
Kämäräinen, T., Jaakola, L., Hohtola, A.
DNA isolation methods for medicinal
and aromatic plants. Plant Mol. Biol. Rep.
2001, 19, 273a–273f.

24 Sangwan, N.S., Sangwan, R.S., Kumar,
S. Isolation of genomic DNA from the
antimalarial plant Artemisia annua. Plant
Mol. Biol. Rep. 1998, 16, 365(18).

25 Sangwan, R.S., Yadav, U., Sangwan, N.S.
Isolation of genomic DNA from defatted
oil seed residue of opium poppy (Papaver
somniferum). Plant Mol. Biol. Rep. 2000,
18, 265–270.

26 Mullis, K.B., Ferré, F., Gibbs, R.A. 
(Eds.), The Polymerase Chain Reaction.
Birkhäuser, Basel, 1994.

27 Baldwin, B.G., Sanderson, M.J., Porter,
J.M., Wojciechowski, M.F., Campbell,
C.S., Donoghue, M.J. The ITS region of
nuclear ribosomal DNA: a valuable
source of evidence on angiosperm
phylogeny. Ann. Missouri Bot. Gard.
1995, 82, 247–277.

28 Fushimi, H., Komatsu, K., Namba, T.,
Isobe, M. Genetic heterogeneity of
ribosomal RNA gene and matK gene in
Panax notoginseng. Planta Med. 2000, 66,
659–661.

29 Lau, D.T.W., Shaw, P.C., Wang, J., But,
P.P.H. Authentication of medicinal
Dendrobium species by the internal
transcribed spacer of ribosomal DNA.
Planta Med. 2001, 67, 456–460. [Good
example of the application of DNA
sequencing for species authentication.]

30 Cui, X.M., Lo, C.K., Yip, K.L., Dong,
T.T.X., Tsim, K.W.K. Authentication of

Panax notoginseng by 5S-rRNA spacer
domain and random amplified poly-
morphic DNA (RAPD) analysis. Planta
Med. 2003, 69, 584–586.

31 Crockett, S.L., Douglas, A.W., Scheffler,
B.E., Khan, I.A. Genetic profiling of
Hypericum (St. John’s Wort) species by
nuclear ribosomal ITS sequence
analysis. Planta Med. 2004, 70, 929–935.
[Interesting example of the application of
DNA sequencing in a medicinal plant.]

32 Weising, K., Kahl, G. Hybridization-
based microsatellite fingerprinting of
plants and fungi. In: Caetano-Anollés.
G., Gresshoff, P.M. (Eds.), DNA Markers:
Protocols, Applications, and Overviews.
Wiley-VCH, New York, 1998, pp. 27–54.

33 Welsh, J., McClelland, M. Fingerprinting
genomes using PCR with arbitrary
primers. Nucleic Acids Res. 1990, 18,
7213–7218.

34 Williams, J.G.K., Kubelik, A.R., Livak,
K.J., Rafalski, J.A., Tingey, S.V. DNA
polymorphisms amplified by arbitrary
primers are useful as genetic markers.
Nucleic Acids Res. 1990, 18, 6231–6235.

35 Caetano-Anollés, G., Bassam, B.J.,
Gresshoff, P.M. High resolution DNA
amplification fingerprinting using very
short arbitrary oligonucleotide primers.
Bio/Technology 1991, 9, 553–557.

36 Penner, G.A., Bush, A., Wise, R., Kim,
W., Domier, L., Kasha, K., Laroche, A.,
Scoles, G., Molnar, S.J., Fedak, G.
Reproducibility of random amplified
polymorphic DNA (RAPD) analysis
among laboratories. PCR Methods and
Applications 1993, 2, 341–345.

37 Sangwan, R.S., Sangwan, N.S., Jain,
D.C., Kumar, S., Ranade, S.A. RAPD
profile based genetic characterization of
chemotypic variants of Artemisia annua
L. Biochem. Molec. Biol. Int. 1999, 47,
935–944. [Application of RAPD, and
analysis of the relationship between
markers and the chemical contents of
the plant material.]

38 Nieri, P., Adinolfi, B., Morelli, I.,
Breschi, M.C., Simoni, G., Martinotti, E.
Genetic characterization of the three
medicinal Echinacea species using RAPD
analysis. Planta Med. 2003, 69, 685–686.

39 Shoyama, Y., Zhu, X.X., Nakai, R.,
Shiraishi, S., Kohda, H. Micropropaga-



91References

tion of Panax notoginseng by somatic
embryogenesis and RAPD analysis of
regenerated plantlets. Plant Cell Rep.
1997, 16, 450–453.

40 Shim, Y.-H., Choi, J.-H., Park, C.-D.,
Lim, C.-J., Cho, J.-H., Kim, H.-J.
Molecular differentiation of Panax
species by RAPD analysis. Arch. Pharm.
Res. 2003, 26, 601–605.

41 Zietkiewicz, E., Rafalski, A., Labuda, D.
Genome fingerprinting by simple
sequence repeat (SSR)-anchored
polymerase chain reaction amplification.
Genomics 1994, 20, 176–183.

42 Gupta, M., Chyi, Y.-S., Romero-Severson,
J., Owen, J.L. Amplification of DNA
markers from evolutionary diverse
genomes using single primers of simple-
sequence repeats. Theoret. Appl. Genet.
1994, 89, 998–1006.

43 Meyer, W., Mitchell, T.G., Freedman,
E.Z., Vilgalys, R. Hybridization probes
for conventional DNA fingerprinting
used as single primers in the polymerase
chain reaction to distinguish strains of
Cryptococcus neoformans. J. Clin.
Microbiol. 1993, 31, 2274–2280.

44 Weising, K., Atkinson, R.G., Gardner,
R.C. Genomic fingerprinting by
microsatellite-primed PCR: a critical
evaluation. PCR Methods and Applications
1995, 4, 249–255.

45 Goldstein, D.B., Schlötterer, C. (Eds.),
Microsatellites: Evolution and Applications.
Oxford University Press, Oxford, UK,
1999.

46 Fisher, P., Gardner, R.C., Richardson,
T.E. Single locus microsatellites isolated
using 5′ anchored PCR. Nucleic Acids
Res. 1996, 24, 4369–4371.

47 Feyissa, T., Nybom, H., Bartish, I.,
Welander, M. Analysis of genetic
diversity in the endangered tropical tree
species Hagenia abyssinica using ISSR
markers. Genet. Res. Crop Evol. (in press).

48 Zabeau, M., Vos, P. Selective restriction
fragment amplification: a general
method for DNA fingerprinting.
European Patent Application EP 0534858,
1993.

49 Vos, P., Hogers, R., Bleeker, M., Reijans,
M., Van de Lee, T., Hornes, M., Frijters,
A., Pot, J., Peleman, J., Kuiper, M.,
Zabeau, M. AFLP: a new technique for

DNA fingerprinting. Nucleic Acids Res.
1995, 23, 4407–4414.

50 Akkaya, M.S., Bhagwat, A.A., Cregan,
P.B. Length polymorphisms of simple
sequence repeat DNA in soybean.
Genetics 1992, 132, 1131–1139.

51 Macaulay, M., Ramsay, L., Powell, W.,
Waugh, R. A representative, highly
informative “genotyping set” of barley
SSRs. Theoret. Appl. Genet. 2001, 102,
801–809.

52 Tang, S., Kishore, V.K., Knapp, S.J. PCR-
multiplexes for a genome-wide frame-
work of simple sequence repeat marker
loci in cultivated sunflower. Theoret.
Appl. Genet. 2003, 107, 6–19.

53 Zane, L., Bargelloni, L., Patarnello, T.
Strategies for microsatellite isolation: a
review. Mol. Ecol. 2002, 11, 1–16.

54 Squirrell, J., Hollingsworth, P.M.,
Woodhead, M., Russell, J., Lowe, A.J.,
Gibby, M., Powell, W. How much effort
is required to isolate nuclear micro-
satellites from plants? Mol. Ecol. 2003,
12, 1339–1348.

55 Holton, T.A., Christopher, J.T., McClure,
L., Harker, N., Henry, R.J. Identification
and mapping of polymorphic SSR
markers from expressed gene sequences
of barley and wheat. Mol. Breed. 2002, 9,
63–71.

56 Yu, J.-K., Dake, T.M., Singh, S.,
Benscher, D., Li, W., Gill, B., Sorrells,
M.E. Development and mapping of EST-
derived simple sequence repeat markers
for hexaploid wheat. Genome 2004, 47,
805–818.

57 Gilmore, S., Peakall, R., Robertson, J.
Short tandem repeat (STR) DNA
markers are hypervariable and
informative in Cannabis sativa:
implications for forensic investigations.
Forens. Sci. Int. 2003, 131, 65–74.
[Application of microsatellite DNA
markers, and an analysis of the
relationship between these markers 
and chemical contents in the plant
material.]

58 Shokeen, B., Sethy, N.K., Choudhary, S.,
Bhatia, S. Development of STMS
markers from the medicinal plant
Madagascar periwinkle [Catharanthus
roseus (L.) G. Don]. Mol. Ecol. Notes 2005,
5, 818–820.



92 5 DNA Profiling of Plants

59 Demesure, B., Sozi, N., Petit, R.J. A set
of universal primers for amplification of
polymorphic non-coding regions of
mitochondrial and chloroplast DNA in
plants. Mol. Ecol. 1995, 4, 129–131.

60 Dumolin-Lapègue, S., Pemonge, M.-H.,
Petit, R.J. An enlarged set of consensus
primers for the study of organelle DNA
in plants. Mol. Ecol. 1997, 6, 393–397.

61 Duminil, J., Pemonge, M.-H., Petit, R.J.
A set of 35 consensus primer pairs
amplifying genes and introns of plant
mitochondrial DNA. Mol. Ecol. Notes
2002, 2, 428–430.

62 Konieczny, A., Ausubel, F.M. A proce-
dure for mapping Arabidopsis mutations
using co-dominant ecotype-specific 
PCR-based markers. Plant J. 1993, 4,
403–410.

63 Witsenboer, H., Vogel, J., Michelmore,
R.W. Identification, genetic localization,
and allelic diversity of selectively
amplified microsatellite polymorphic loci
in lettuce and wild relatives (Lactuca
spp.). Genome 1997, 40, 923–936.

64 Waugh, R., McLean, K., Flavell, A.J.,
Pearce, S.R., Kumar, A., Thomas, B.B.T.,
Powell, W. Genetic distribution of Bare-
1-like retrotransposable elements in the
barley genome revealed by sequence-
specific amplification polymorphisms 
(S-SAP). Mol. Gen. Genet. 1997, 253,
687–694.

65 Gupta, P.K., Roy, J.K., Prasad, M. Single
nucleotide polymorphisms: a new
paradigm for molecular marker
technology and DNA polymorphism
detection with emphasis on their use in
plants. Curr. Sci. 2001, 80, 524–535.

66 Brumfield, R.T., Beerli, P., Nickerson,
D.A., Edwards, S.V. The utility of single
nucleotide polymorphisms in inferences
of population history. Trends Ecol. Evol.
2003, 18, 249–256.

67 Bhattramaki, D., Rafalski, A. Discovery
and application of single nucleotide
polymorphism markers in plants. 
In: Henry, R.J. (Ed.), Plant Genotyping:
The DNA Fingerprinting of Plants. 
CABI Publishing, Wallingford, 2001, 
pp. 179–192.

68 Somers, D.J., Kirkpatrick, R., Moniwa,
M., Walsh, A. Mining single-nucleotide

polymorphisms from hexaploid wheat
ESTs. Genome 2003, 49, 431–437.

69 Sunnucks, P., Wilson, A.C.C.,
Beheregaray, L.B., Zenger, K., French, J.,
Taylor, A.C. SSCP is not so difficult: the
application and utility of single-stranded
conformation polymorphism in evolu-
tionary biology and molecular ecology.
Mol. Ecol. 2000, 9, 1699–1710.

70 Bensch, S., Akesson, S., Irwin, D.E. The
use of AFLPs to find an informative
SNP: genetic differences across a
migratory divide in willow warblers. Mol.
Ecol. 2002, 11, 2359–2366.

71 Kwok, P.-Y. Methods for genotyping
single nucleotide polymorphisms. Annu.
Rev. Genomics Hum. Genet. 2001, 2,
235–258.

72 Syvanen, A.C. Genotyping single
nucleotide polymorphisms. Nature Rev.
Genet. 2001, 2, 930–942.

73 Schena, M. Microarray Analysis. Wiley-
Liss, Inc., USA, 2003.

74 Mantripragada, K.K., Buckley, P.G., de
Stahl, T.D., Dumanski, J.P. Genomic
microarrays in the spotlight. Trends
Genet. 2004, 20, 87–94.

75 Schmid, K.J., Sörensen, T.R., Stracke, R.,
Törjek, O., Altmann, T., Mitchell-Olds,
T., Weisshaar, B. Large-scale identifica-
tion and analysis of genome wide single-
nucleotide polymorphisms for mapping
in Arabidopsis thaliana. Genome Res.
2003, 13, 1250–1257.

76 Nasu, S., Suzuki, J., Ohta, R., Hasegawa,
K., Yui, R., Kitazawa, N., Monna, L.,
Minobe, Y. Search for and analysis of
single nucleotide polymorphisms (SNPs)
in rice (Oryza sativa, Oryza rufipogon)
and establishment of SNP markers. DNA
Res. 2002, 9, 163–171.

77 Carles, M., Lee, T., Moganti, S., Lenigk,
R., Tsim, K.W.K., Ip, N.Y., Hsing, I.-M.,
Sucher, N.J. Chips and Qi: microcompo-
nent-based analysis in traditional
Chinese medicine. Fresenius J. Anal.
Chem. 2001, 371, 190–194. [One of the
first studies demonstrating the
applicability of DNA microarray
technology for DNA sequence-based
identification of medicinal plants.]

78 Carles, M., Cheung, M.K.L., Moganti, S.,
Dong, T.T.X., Tsim, K.W., Ip, N.Y.,



93References

Sucher, N.J. A DNA microarray for the
authentication of toxic traditional
Chinese medicinal plants. Planta Med.
2005, 71, 580–584. [Application of silicon
chip-based DNA microarray analysis.]

79 Zhang, Y.B., Wang, J., Wang, Z.T., But,
P.P.H., Shaw, P.C. DNA microarray for
identification of the herb of Dendrobium
species from Chinese medicinal
formulations. Planta Med. 2003, 69,
1172–1174.

80 Lee, T.M.H., Hsing, I.-M. Sequence-
specific electrochemical detection of
asymmetric PCR amplicons of tradi-
tional Chinese medicinal plant DNA.
Anal. Chem. 2002, 74, 5057–5062.
[Development of a hand-held device for
SNP-based discrimination of plant
material.]

81 Ngan, F., Shaw, P., But, P., Wang, J.
Molecular authentication of Panax
species. Phytochemistry 1999, 50,
787–791. [Application of 5.8 S rDNA
sequencing for root discrimination.]

82 Artyukova, E.V., Kozyrenko, M.M.,
Koren, O.G., Muzarok, T.I., Reunova,
G.D., Zhuravlev, Y.N. RAPD and
allozyme analysis of genetic diversity 
in Panax ginseng C.A. Meyer and 
P. quinquefolius L. Russian J. Genet.
2004, 40, 178–185.

83 Tochika-Komatsu, Y., Asaka, I., Ii, I. 
A random amplified polymorphic DNA
(RAPD) primer to assist the identifica-
tion of a selected strain, Aizu K-111 of
Panax ginseng and the sequence
amplified. Biol. Pharmaceut. Bull. 2001,
24, 1210–1213.

84 Debener, T., Janakiram, T., Mattiesch, L.
Sports and seedlings of rose varieties
analysed with molecular markers. Plant
Breed. 2000, 119, 71–74.

85 Franks, T., Botta, R., Thomas, M.R.
Chimerism in grapevines: implications
for cultivar identity, ancestry and genetic
improvement. Theoret. Appl. Genet. 2002,
104, 192–199.

86 Ipek, M., Ipek, A., Simon, P.W.
Comparison of AFLPs, RAPDs, and
isozymes for diversity assessment of
garlic and detection of putative
duplicates in germplasm collections. J.
Am. Soc. Hort. Sci. 2003, 128, 246–252.
[Analysis of genetic identity determined

with different kinds of molecular
markers.]

87 Diwan, B., Cregan, P.B. Automated
sizing of fluorescent-labeled simple
sequence repeat (SSR) markers to assay
genetic variation in soybean. Theoret.
Appl. Genet. 1997, 95, 723–733.

88 Excoffier, L., Smouse, P.E., Quattro, J.M.
Analysis of molecular variance inferred
from metric distances among DNA
haplotypes: applications to human
mitochondrial DNA restriction data.
Genetics 1992, 131, 479–491.

89 Echeverrigeray, S., Agostini, G., Atti-
Sefini, L., Paroul, N., Pauletti, G.F., dos
Santos, A.C.A. Correlation between the
chemical and genetic relationships
among commercial thyme cultivars. 
J. Agric. Food Chem. 2001, 49, 4220–4223.
[Application of RAPD, and analysis of
the relationship between DNA markers
and oil content in the plant material.]

90 Haluskova, J., Kosuth, J. RAPD analysis
of somaclonal and natural DNA variation
in Hypericum perforatum L. Acta Biol.
Cracov Ser. Botanica. 2003, 45, 101–104.

91 Kuddus, R.H., Kuddus, N.N., Dvorchik,
I. DNA polymorphism in the living fossil
Ginkgo biloba from the eastern United
States. Genome 2002, 45, 8–12.
[Application of RAPD, as well as the
utilisation of a gel-excised DNA band for
probing.]

92 Nybom, H. Comparison of different
nuclear DNA markers for estimating
intraspecific genetic diversity in plants.
Mol. Ecol. 2004, 13, 1143–1155.
[Compilation and analysis of population
genetic studies carried out using various
DNA marker methods, comparison of
dominantly and codominantly inherited
marker methods.]

93 Grassi, F., Imazio, S., Gomarasca, S.,
Citterio, S., Aina, R., Sgorbati, S., Sala,
F., Patrignani, G., Labra, M. Population
structure and genetic variation within
Valeriana wallrothii Kreyer in relation to
different ecological locations. Plant Sci.
2004, 166, 1437–1441. [Application of
AFLP and chloroplast DNA
microsatellite markers.]

94 Nebauer, S.G., del Castillo-Agudo, L.,
Segura, J. RAPD variation within and
among natural populations of out-



94 5 DNA Profiling of Plants

crossing willow-leaved foxglove (Digitalis
obscura L.). Theoret. Appl. Genet. 1999, 98,
985–994.

95 Muluvi, G.M., Sprent, J.I., Soranzo, N.,
Provan, J., Odee, D., Folkard, G.,
McNicol, J.W., Powell, W. Amplified
fragment length polymorphism (AFLP)
analysis of genetic variation in Moringa
oleifera Lam. Mol. Ecol. 1999, 8, 463–470.

96 Semagn, K., Bjørnstad, A., Stedje, B.
Genetic diversity and differentiation in
Ethiopian populations of Phytolacca
dodecandra as revealed by AFLP and
RAPD analyses. Genet. Crop Res. Evol.
2003, 50, 649–661.

97 Singh, A., Chaudhary, A., Srivastava,
P.S., Lakshmikumaran, M. Comparison
of AFLP and SAMPL markers for assess-
ment of intra-population genetic
variation in Azadirachta indica A. Juss.
Plant Sci. 2002, 162, 17–25.

98 Rossetto, M., Slade, R.W., Baverstock,
P.R., Henry, R.J., Lee, L.S. Microsatellite
variation and assessment of genetic
structure in tea tree (Melaleuca alterni-
folia – Myrtaceae). Mol. Ecol. 1999, 8,
633–643.

99 Arnholdt-Schmitt, B. RAPD analysis: 
a method to investigate aspects of the
reproductive biology of Hypericum
perforatum L. Theoret. Appl. Genet. 2000,
100, 906–911.

100 Mayo, G.M., Langridge, P. Modes of
reproduction in Australian populations
of Hypericum perforatum L. (St. John’s
wort) revealed by DNA fingerprinting
and cytological methods. Genome 2003,
46, 573–579.

101 Hu, J., Zhu, J., Xu, H.M. Methods of
constructing core collections by stepwise
clustering with three sampling strategies
based on genotypic values of crops.
Theoret. Appl. Genet. 2000, 101, 264–268.

102 Garkava-Gustavsson, L., Persson, H.A.,
Nybom, H., Rumpunen, K., Gustavsson,
B.A., Bartish, I.V. RAPD-based analysis
of genetic diversity and selection of
lingonberry (Vaccinium vitis-idaea L.)
material for ex situ conservation. Genet.
Res. Crop Evol. 2005, 52, 723–735.

103 Zhang, D.P., Huaman, Z., Rodriguez, F.,
Rossel, G., Ghislain, M. Identifying
duplicates in sweet potato (Ipomoea

batatas (L.) Lam) cultivars using RAPD.
Acta Hort. 2001, 546, 535–541.

104 Dawson, I.K., Powell, W. Genetic
variation in the Afromontane tree Prunus
africana, an endangered medicinal
species. Mol. Ecol. 1999, 8, 151–156.

105 Zhou, S.L., Xiong, G.M., Li, Z.Y., Wen, J.
Loss of genetic diversity of domesticated
Panax notoginseng F H Chen as
evidenced by ITS sequence and AFLP
polymorphism: a comparative study with
P. stipuleatus H T Tsai et K M Feng. 
J. Integrat. Plant Biol. 2005, 47, 107–115.

106 Pilepic, K.H. Analysis of chloroplast
DNA variability among some Hypericum
species in Croatia. Periodicum Biologorum
2002, 104, 457–462.

107 Bartish, I.V., Jeppsson, N., Swenson, U.,
Nybom, H. Phylogeny of Hippophae
(Elaeagnaceae) inferred from parsimony
analysis of chloroplast DNA and
morphology. Syst. Bot. 2002, 27, 41–54.

108 Yoo, K.O., Malla, K.J., Wen, J. Chloro-
plast DNA variation of Panax
(Araliaceae) in Nepal and its taxonomic
implications. Brittonia 2001, 53, 447–453.

109 Després, L., Gielly, L., Redoutet, B.,
Taberlet, P. Using AFLP to resolve
phylogenetic relationships in a
morphologically diversified plant species
complex when nuclear and chloroplast
sequences fail to reveal variability. Mol.
Phylogenet. Evol. 2003, 27, 85–196.

110 Urbatsch, L.E., Baldwin, B.G., Donoghue,
M.J. Phylogeny of the coneflowers and
relatives (Heliantheae: Asteraceae) based
on nuclear rDNA internal transcribed
spacer (ITS) sequences and chloroplast
DNA restriction site data. Syst. Bot. 2000,
25, 539–565.

111 Kim, D.-H., Heber, D., Still, D.W.
Genetic diversity of Echinacea species
based upon amplified fragment length
polymorphism markers. Genome 2004,
47, 102–111.

112 Bussell, J.D., Waycott, M., Chappill, J.A.
Arbitrarily amplified DNA markers as
characters for phylogenetic inference.
Perspect. Plant Ecol. Evol. Syst. 2005, 7,
3–26.

113 Koopman, W.J.M. Phylogenetic signal in
AFLP data sets. Syst. Biol. 2005, 54,
197–217.



95References

114 Mechanda, S.M., Baum, B.R., Johnson,
D.A., Arnason, J.T. Sequence assessment
of comigrating AFLP bands in Echinacea
– implications for comparative biological
studies. Genome 2004, 47, 15–25.

115 Persson, H.A., Nybom, H. Genetic sex
determination and RAPD marker
segregation in the dioecious species sea
buckthorn (Hippophae rhamnoides).
Hereditas 1998, 129, 45–51.

116 Mandolino, G., Carboni, A., Bagatta, M.,
Moliterni, V.M.C., Ranalli, P. Occurrence
and frequency of putatively Y chromo-
some linked DNA markers of Cannabis
sativa L. Euphytica 2002, 126, 211–218.

117 Meksem, K., Kahl, G. The Handbook of
Genome Mapping. Wiley-VCH, USA,
2004.

118 Göcmen, B., Jermstad, K.D., Neale, D.B.,
Kaya, Z. Development of random
amplified polymorphic DNA markers for
genetic mapping of Pacific yew (Taxus
brevifolia). Can. J. Forest Res. 1996, 26,
497–503.

119 Zewdie, Y., Havey, M.J., Prince, J.P.,
Jenderek, M.M. The first genetic link-
ages among expressed regions in the
garlic genome. J. Am. Soc. Hort. Sci.

2005, 130, 569–574. [Genetic mapping
with different types of DNA markers and
identification of a locus for male
fertility.]

120 Ipek, M., Ipek, A., Almquist, S.G.,
Simon, P.W. Demonstration of linkage
and development of the first low-density
genetic map of garlic, based on AFLP
markers. Theoret. Appl. Genet. 2005, 110,
228–236. [Genetic mapping with both
DNA markers (AFLP) and genes for
chemical contents.]

121 Hansen, M., Kraft, T., Christansson, M.,
Nilsson, N.O. Evaluation of AFLP in
Beta. Theoret. Appl. Genet. 1999, 98,
845–852.

122 Paran, I., Michelmore, R.W. Develop-
ment of reliable PCR-based markers
linked to downy mildew resistance genes
in lettuce. Theoret. Appl. Genet. 1993, 85,
985–993.

123 Xu, M., Huaracha, E., Korban, S.S.
Development of sequence-characterized
amplified regions (SCARs) from ampli-
fied fragment length polymorphism
(AFLP) markers tightly linked to the Vf
gene in apple. Genome 2001, 44, 63–70.



6

Bioprospecting: The Search for Bioactive Lead Structures 
from Nature

Michael Wink

Abstract

As a consequence of the Human Genome Project and further research in function-
al genomics and proteomics, many genes have been identified that are connected
with health disorders and illnesses. Several of the products of these genes (i.e., pro-
teins) have become new targets for the development of novel therapeutics. As a
consequence, the demand for bioactive compounds from Nature or synthesis is in-
creasing. Plants, bacteria, fungi and sessile marine organisms produce a wide va-
riety of secondary metabolites that have been selected during evolution as defense
substances against herbivores, predators or infective microbes and viruses, or as
signal compounds. These secondary compounds have attracted great interest for
drug development as they may represent lead structures for new or already existing
drug targets. In this chapter, the biological and evolutionary background of secon-
dary metabolites (mainly from plants) is discussed, and examples of known inter-
actions of secondary metabolites with interesting molecular targets are described.

6.1

Introduction

Biomedicine and molecular biotechnology have made much progress during the
past 10 years, with the sequencing of the human genome being one of the major
achievements. Moreover, with the aid of functional genomics, proteomics and bio-
informatics, the next step will be the identification of the genes, proteins, and their
respective functions. Because of alternative splicing the number of proteins by far
exceeds the number of genes (25000) in humans; thus, the task to determine all
protein functions and the potential cross-talk between individual proteins will be
vast. Nonetheless, it is important that these data are understood in order to treat
health disorders and diseases. As a consequence of these ongoing studies, a num-
ber of new targets have already been defined that are being used to develop new
drugs, and more targets will undoubtedly emerge in the near future (Fig. 6.1). Two
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other technological advances that have changed the area of drug development dur-
ing the past 20 years are those of automated high-throughput screening (HTS) and
ultra-high-throughput screening (UHTS). By using HTS and UHTS, it is possible
to screen up to one million compounds at one target, within one week.

This technology allows the screening of large substance libraries which consist of
synthetic compounds, made by traditional or combinatorial synthesis, in addition
to substance libraries from biotechnology and Nature. Nature produces an extreme
diversity of bioactive compounds that, to date, have been exploited only to a minor
degree. However, many of our medicinal drugs still derive from Nature either di-
rectly (e.g., many antibiotics, or the anticancer drugs paclitaxel, vinblastine, camp-
tothecine or podophyllotoxin) or indirectly, in that they had served as lead com-
pounds for the development of synthetic compounds with improved qualities. The
search for new compounds from Nature – often referred to as “panning for biolog-
ical gold” – is an active research field. Moreover, bioprospecting will become in-
creasingly important in the future as large substance libraries with enriched drug
candidates are required for screening at new molecular targets presently under de-
velopment. Many natural products that have been shaped and selected during evo-
lution provide a rich source of powerful drugs and lead structures, and these will be
discussed in this chapter (Swain, 1977; Wink, 1988, 1993; Rosenthal and Beren-
baum, 1991/1992; Harborne, 1993; Roberts and Wink, 1998; Seigler, 1998).

One typical feature of plants, fungi, sessile animals (especially from marine en-
vironments) and of bacteria is the production and accumulation of secondary me-
tabolites that, in most cases, have a molecular weight of less than 1000 Dalton (Da).
To date, more than 50000 secondary metabolite structures have been determined
using NMR, mass spectrometry (MS) and X-ray analysis, though only a small pro-
portion of relevant organisms have been studied in some depth so far. Therefore,
it is very likely that the actual number of secondary metabolites that exists in Na-
ture is far in excess of 100 000. It is possible to distinguish between nitrogen (N)-
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Fig. 6.1 The importance of bioactive compounds from Nature in drug development.



containing and N-free secondary metabolites; an overview of known classes and
numbers of secondary metabolite structures is provided in Table 6.1, while the oc-
currences of secondary metabolites in the main groups of producers are detailed in
Table 6.2. Although some groups of secondary metabolites are often defined by
their bioactivities (e.g., antibiotics), they may also be grouped according to their

996.1 Introduction

Table 6.1 Structural types of secondary metabolites and known structures.

Class No. of structures

With nitrogen
Alkaloids 21000
Non-protein amino acids (NPAA) 700
Amines 100
Cyanogenic glycosides 60
Glucosinolates 100
Alkamides 150
Lectins, peptides 800

Without nitrogen
Monoterpenes (incl. iridoids) 2500
Sesquiterpenes 5000
Diterpenes 2500
Triterpenes, steroids, saponins 5000
Tetraterpenes 500
Phenylpropanoids, coumarins, lignans 2000
Flavonoids, tannins 4000
Polyacetylenes, fatty acids, waxes 1500
Polyketides (anthraquinones) 750
Carbohydrates 200

Table 6.2 Occurrence of secondary metabolites in bacteria, plants, fungi, and animals.

Producer Type of secondary metabolite

Blue-green algae Polyketides (aplysiatoxin, brevetoxin B, dinophysistoxin-1), 
(Cyanobacteria) alkaloids (lyngbyatoxin, anatoxin-a)

Bacteria “Antibiotics”: polyketides, alkaloids, terpenoids,
phenylpropanoids, peptides

Algae Polyphenols, terpenoids, polysaccharides

Dinoflagellates (Dinophyceae) Paralytic shellfish poisoning; alkaloids (saxitoxin,
gonyautoxin); ciguatoxin

Lichen Anthraquinones; polyphenols, phenylpropanoids

Plants (angiosperms, Alkaloids, amines, glucosinolates, cyanogenic glycosides, 
gymnosperms) cyanolipids, glucosinolates, non-protein amino acids,

terpenoids, saponins, phenylpropanoids, tannins, lignans,
anthraquinones, fatty acids, polyines, phloroglucinols,
alkylphenols, lectins
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Table 6.2 Continued

Producer Type of secondary metabolite

Fungi (Basidiomycetes) Organic acids, alkaloids and peptides (hydrazine derivatives,
amatoxines, bufotonin, ibotenic acid, muscarine,
phallotoxins, psilocine, psilocybin, virotoxin), non-protein
amino acids, cyanogenic glycosides, phenolics,
sesquiterpenes, triterpenes

Molds (Deuteromycetes) Mycotoxins (aflatoxins, phenolics, furanocoumarins, citrinin,
citreoviridin, cytochalasin, Penicillium toxins, trichothecens,
anthraquinones, ergot alkaloids, Fusarium toxins, Aspergillus
toxins, ochratoxins, patulin, penitrem A, rugolosin,
rubratoxins, zearalenone) 

Animals

Sponges (Porifera) Terpenoids, sesquiterpenes, diterpenes, steroids, alkaloids,
halogenated secondary metabolites, histamine derivatives

Corals, jelly fish (Cnidaria) Toxic polypeptides in nematocysts (cytolysines; hemolysines;
neurotoxins; physaliatoxin; esterase, hyaluronidase,
proteases) 

Sea anemones (Anthozoa) Toxic polypeptides in nematocysts (neurotoxins)

Worms (Nermertini) Alkaloids (anabaseine; nereistoxin)

Scorpions (Scorpiones) Toxic polypeptides (neurotoxins: α-, â-, ã-toxin;
phospholipase A, hyaluronidase)

Spiders (Araneae) Polyamines (argiotoxin, argiopin, NSTX, ISTX), polypeptides
(robustoxin, latrotoxin, sphingomyelinase D) 

Scolopender (Chilopoda) Toxic peptides, neurotransmitters (histamine, serotonin)

Insects (Insecta) secondary metabolites acquired from host plants (alkaloids:
pyrrolizidine alkaloids, quinolizidine alkaloids, aconitine,
cardiac glycosides, cyanogenic glycosides, phorbol esters);
quinones, terpenoids; toxic polypeptides (phospholipase A2,
hyaluronidase, hemolysins, melittin, apamin, wasp kinins,
neurotransmitters (histamine), pyridine and piperidine
alkaloids (solenopsine), iridoids (dolichodial),
sesquiterpenes, diterpenes, cantharidin

Cone shells (Mollusca) Toxic polypeptides, conotoxins; saxitoxin, gonyautoxin in
Turbo and Tectus species

Octopus (Cephalopoda) Toxic polypeptides (hyaluronidase; cephalotoxin, eledoisin);
tetrodotoxin, neurotransmitters (serotonin, tyramine,
octopamine, noradrenaline)

Starfish (Asteroidea) Toxic polypeptides (phospholipase A2), steroid saponins

Sea urchin (Echinoidea) Toxic polypeptides, amines

Sea cucumber (Holothuroidea) Steroidal saponins (holothurin A,B)

Stingray (Chondrichthyes) Toxic polypeptides (phosphodiesterase)

Bony fish (Osteichthyes) Toxic polypeptides, neurotransmitters (serotonin,  
(weever, scorpion, fire fish) acetylcholine), alkaloids (pahutoxin)



structural types (as in this chapter). Whereas primary metabolites are present in all
species, secondary metabolites occur in varying mixtures that differ between spe-
cies and systematic units. Secondary metabolites are not essential for primary or
energy metabolism but, as discussed below, they are important for the ecological
fitness and survival of the organisms that produce them (Balandrin et al., 1985;
Harborne, 1993; Wink, 1988, 1999a,b; Seigler, 1998).

Secondary metabolites are produced in specific pathways that involve substrate-
specific biosynthetic enzymes (Luckner, 1990; Dewick, 2002). The sites of synthe-
sis may differ between types of compounds and between species. Some com-
pounds can be produced by all tissues, whereas most others are produced in a tis-
sue- or even cell-specific fashion. It is likely that the corresponding genes are reg-
ulated by specific transcription factors similar to the situation of other genes that
are differentially regulated. The site of synthesis is not necessarily the site of accu-
mulation in plants. Indeed, several compounds have been shown to be transported
within a plant either via the phloem or the xylem. Whereas hydrophilic compounds
(e.g., alkaloids, amino acids, glucosinolates, cyanogenic glycosides, flavonoids, tan-
nins and other polyphenols, carbohydrates and saponins) are stored in the vacuole,
lipophilic secondary metabolites (e.g., many terpenoids) are sequestered in resin
ducts, laticifers or in special (usually dead) cells, such as oil cells, trichomes, or in
the cuticle. Often, epidermal cells, the initial role of which is to ward off enemies,
are especially rich in secondary metabolites. In animals, secondary metabolites are
often stored in special glandular structures commonly present in skin tissues.

It is a typical feature of secondary metabolites that many are stored at relatively
high levels in sink tissues that are often important for the survival and reproduc-
tion of a plant, such as the flowers, seeds, seedlings, or the bark of perennial plants.
Several secondary metabolites are not the end products of metabolism but can be
recycled in plants. For example, nitrogen-containing secondary metabolites such
as alkaloids, nonprotein amino acids (NPAA) or lectins are often accumulated as
toxic nitrogen-storage compounds in the seeds of legumes in which nitrogen is re-
mobilized during germination and seedling growth (Harborne, 1993; Wink, 1988,
1999a,b; Roberts and Wink, 1998).

1016.1 Introduction

Table 6.2 Continued

Producer Type of secondary metabolite

Puffer fish, mollusks, amphibia Marine bacteria produce toxins, that accumulate in the food
chain: tetrodotoxin, palytoxin

Toads, salamanders, frogs Alkaloids (bufotonin, samandarine, tetrodotoxin, 
(Amphibia) batrachotoxin, pumiliotoxin, histrionicotoxin),

bufadienolides (bufotoxin)

Gila monster (Reptilia) Toxic polypeptides (hyaluronidase, kallikrein, gilatoxin)

Snakes (Reptilia) Toxic polypeptides (neurotoxins: neurotoxic phospholipase
A2, α-neurotoxins, choline esterase-inhibiting proteins;
enzymes: hyaluronidase, phosphatases, phospholipase A2,
proteases, oxidases)



6.2

The Function of Secondary Metabolites

Plants, fungi, sessile animals and bacteria cannot run away when attacked by herbi-
vores or predators; neither do they have an immune system against invading bacte-
ria, fungi, or viruses. Consequently, plants and other sessile organisms (e.g., marine
animals) (see Table 6.2) have developed biologically active secondary metabolites
during evolution that help them to defend themselves against predators (insects,
mollusks, vertebrates), microbes, viruses, and other competing plants (Fig. 6.2). In
order to be effective, secondary metabolites must be present at the correct site, time,
and concentration. The biosynthesis of several secondary metabolites is constitutive,
whereas in many plants it can be induced and enhanced by biological stress condi-
tions, such as wounding or infection. This activation can be biochemical, for exam-
ple through the hydrolysis of glycosides that are stored as “prodrugs” (Table 6.3) or
via the activation of genes responsible for the synthesis, transport or storage of sec-
ondary metabolites. Signal transduction pathways that lead to gene activation in
plants include those leading to jasmonic acid or salicylic acid that have been found
to trigger defense reactions in plants (Harborne, 1993; Wink, 1988, 1999a,b).

Plants also use secondary metabolites (such as volatile essential oils and colored
flavonoids or tetraterpenes) to attract insects for pollination or other animals for
seed dispersion. In this case, secondary metabolites serve as signal compounds. An-
imals that store toxic secondary metabolites often advertise this property by warn-
ing colors (that are themselves secondary metabolites); this is termed aposematism.

In addition, some secondary metabolites concomitantly carry out physiological
functions; for example alkaloids, NPAA, and peptides (lectins, protease inhibitors)
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Fig. 6.2 Functions of secondary metabolites in plants.



can serve as mobile and toxic nitrogen transport and storage compounds, while
phenolics (e.g., flavonoids) can function as UV-protectants (Harborne, 1993; Wink,
1988, 1999a,b). In addition to chemical defense, a number of plants and marine an-
imals use mechanical and morphological features for protection, including thorns,
spikes, glandular and stinging hairs (often filled with noxious chemicals), or they
may develop a barely penetrable bark (especially woody perennials) or armor (car-
apace).

The defense strategy usually works against generalist attackers, but often not
against specialists that have adapted to their host plants or prey and their defense
chemicals. A diverse collection of adaptations has already been detected and de-
scribed (Harborne, 1993; Wink, 1988, 1999a,b). In general, it was observed that
mono- and oligophagous insects can tolerate the defense chemicals of their partic-
ular host plants, but are susceptible to those of nonhost species.

The observed multiple functions of secondary metabolites are typical and do not
contradict the main role of many secondary metabolites as chemical defense and sig-
nal compounds. If a costly trait can serve multiple functions (maintenance of the
biochemical machinery to produce and store secondary metabolites is energetical-
ly costly; Wink, 1999a), it is more likely that it is maintained by natural selection as
it provides a selective advantage for its carrier.

6.3

Modes of Action

In order to fulfill the role of defense substances against herbivores, predators and
microbes, secondary metabolites must be able to interfere with molecular targets
in the organs, tissues and cells of these organisms. The major types of molecular
targets in prokaryotes and eukaryotes that are relevant in this context are listed in
Table 6.4; these include biomembranes, proteins, and nucleic acids (DNA and
RNA) (Wink 1993, 1999b, 2000, 2005; Teuscher and Lindequist, 1994; Roberts and
Wink, 1998) (Fig. 6.3). 

1036.3 Modes of Action

Table 6.3 Typical “prodrugs” present in plants that are activated by wounding or infection.

Secondary metabolite of undamaged tissue Active metabolite

Cyanogenic glycoside HCN
Glucosinolate isothiocyanate
Alliin allicin
Coumaroylglycoside coumarin
Arbutin quinone
Salicin, methylsalicylate saligenin, salicylic acid
Gein eugenol
Bi-desmosidic saponins mono-desmosidic saponins
Cycasin methylazoxymethanol (MAM)
Ranunculin protoanemonine
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Fig. 6.3 Major molecular targets of cells. (A) Bacterial cells;
(B) animal cells. ER: endoplasmic reticulum.

(A)

(B)
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Table 6.4 Interaction of secondary metabolites with molecular targets.

Target Activity Secondary metabolites (examples)

Unselective targets

Biomembrane Membrane disruption Saponins

Disturbance of membrane fluidity Small lipophilic secondary metabolites 

Inhibition of membrane Small lipophilic secondary metabolites 
proteins (change of protein 
conformation)

Proteins

Nonselective Noncovalent bonding (change Polyphenols such as phenylpropanoids, 
interactions of conformation) flavonoids, catechins, tannins, lignans, 

quinones, anthraquinones, some 
isoquinoline alkaloids 

Covalent bonding (change of Isothiocyanates sesquiterpene lactones, 
conformation) allicin, protoanemonine, 

furanocoumarins, iridoids (aldehydes), 
secondary metabolites with aldehydes, 
secondary metabolites with exocyclic 
CH2 group, secondary metabolites with 
epoxide group 

Specific Inhibition of enzymes HCN from cyanogens, many structural
interaction mimics

Modulation of regulatory proteins Phorbol esters, caffeine

Inhibition of ion pumps Cardiac glycosides

Inhibition of microtubule formation Vinblastine,  colchicines,
podophyllotoxin, paclitaxel

Inhibition of protein biosynthesis Emetine, cycloheximide

Inhibition of transporters Non-protein amino acids

Modulation of hormone receptors Genistein, many other isoflavonoids

Modulation of neuroreceptors Nicotine, many alkaloids, conotoxins,
nereistoxin, argiotoxin, argiopin

Modulation of ion channels Aconitine, many alkaloids; conotoxins,
tetrodotoxin, saxitoxin, gonyautoxin,
ciguatoxin, palytoxin

Modulation of transcription factors Cyclopamine, hormone mimics

DNA Covalent modifications Pyrrolizidine alkaloids, aristolochic  
(point mutations) acids, furanocoumarins, secondary 

metabolites with epoxy groups

Intercalation (frameshift mutations) Planar, aromatic and lipophilic
secondary metabolites, sanguinarine,
berberine, emetine, quinine,
furanocoumarins, anthraquinones

Inhibition of DNA topoisomerase I Camptothecin

Inhibition of transcription Actinomycin D



6.3.1

Biomembranes

Biomembranes surround all living cells, and function as a permeation barrier. The
barrier prevents polar molecules from leaking out of the cell, and unwanted mole-
cules from entering the cell. Several secondary metabolites exist in Nature that
interfere with membrane permeability (see Table 6.4). The most infamous of these
are the saponins, which occur widely in the plant kingdom but less commonly in
animals; mono-desmosidic saponins (see Table 6.3) are amphiphilic and function
basically as detergents that can solubilize biomembranes. With their lipophilic
moiety, they anchor in the lipophilic membrane bilayer, whereas the hydrophilic
sugar moiety remains outside and interacts with other glycoproteins or glycolipids
(Fig. 6.4). As a result, pores are generated in the membrane which causes it to leak.
This effect can be easily demonstrated with red blood cells since, if saponins are
present hemolysis occurs, and hemoglobin is able to flow out of the cell. Other lip-
ophilic secondary metabolites, such as mono-, sesqui- and diterpenes, can also dis-
turb membrane fluidity at higher concentrations. These compounds are able to
interact with the lipophilic inner core of biomembranes represented by phospho-
lipids and cholesterol (Fig. 6.4). This type of membrane disturbance is unselective,
and therefore secondary metabolites with such properties are toxic to bacterial,
fungal, and animal cells. Some may also affect viral membranes.
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Fig. 6.4 Interactions of secondary metabolites with biomembranes and
membrane proteins. 1, A steroidal saponin; sarsaparilloside. 2, Ocimene
(linear monoterpene). 3, Alpha-pinene (bicyclic monoterpene). 4, Cadinene
(sesquiterpene). 5, Phyllocladene (diterpene). A: ion channel; B: transporter;
C: membrane receptor.



Biomembranes harbor a wide set of membrane proteins, including ion channels,
transporters for nutrients and intermediates, receptors, and proteins of signal
transduction and the cytoskeleton. These proteins can only function correctly if
their structure is in the correct conformation. Membrane proteins with transmem-
brane domains are stabilized by the surrounding lipids. Hence, if lipophilic secon-
dary metabolites are dissolved in the biomembrane they disturb the close interac-
tion between the membrane lipids and proteins, changing the protein conforma-
tion (Table 6.4; Fig. 6.4), and a loss of function is the usual consequence. This
mode of action is demonstrated by anesthetics, which are small, lipophilic com-
pounds that inactivate ion channels and neuroreceptors, and thus block signal
transduction. Several of the small terpenoids can react in a comparable manner;
plants with essential oils are often used in medicine as carminative drugs (i.e., a
drug that relieves intestinal spasms). In this respect it is possible that secondary
metabolites inactivate ion-channels and receptors, leading to the relaxation of
smooth muscles in the intestinal tissues.

6.3.2

Proteins and Protein Conformation

Proteins have multiple functions in a cell, ranging from catalytic enzymes, trans-
porters, ion channels, receptors, microtubules, histones to regulatory proteins
(e.g., signal molecules, transcription factors). Proteins can only function correctly
if they have the correct shape and conformation. Conformational changes also al-
ter the protein’s properties and can prevent effective protein–protein cross-talk that
is vital for intracellular communication. Protein activities are often regulated by
phosphorylation or dephosphorylation, with the addition or subtraction of such a
bulky group inducing a conformational change. It is likely that most secondary me-
tabolites found in Nature interact with proteins in one way or another. Most secon-
dary metabolites interfere with proteins in an unselective manner – that is, they af-
fect any protein that they encounter (Fig. 6.5). Such unselective interactions can be
subdivided into those that involve noncovalent bonding and those with covalent
bond formation.

A major class of secondary metabolites, the polyphenols, includes structures such
as phenylpropanoids, flavonoids, catechins, tannins, lignans, quinones, anthraqui-
nones, and several alkaloids with one or several phenolic hydroxyl groups (Table
6.4; Fig. 6.5). The phenolic hydroxyl groups can partly dissociate under physiolog-
ical conditions resulting in -O– ions (phenolates). The polyphenols have in com-
mon that they can interact with proteins by forming hydrogen bonds and ionic
bonds with electronegative atoms of the peptide bond or the positively charged side
chains of basic amino acids (lysine, histidine, arginine), respectively. A single non-
covalent bond is quite weak, but because several such bonds are formed concomi-
tantly when a polyphenols encounters a protein a change in protein conformation
is likely to occur that commonly leads to protein inactivation.

However, the formation of covalent bonds also occurs (Fig. 6.6). Several types of
secondary metabolites carry reactive functional groups that can bind to amino and
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-SH groups or to double bonds in proteins. This covalent modification also leads to
a conformational change and thus loss of activity. Secondary metabolites with re-
active functional groups that are able to undergo electrophilic or nucleophilic sub-
stitutions are represented by isothiocyanates, allicin, protoanemonin, iridoid alde-
hydes, furanocoumarins, valepotriates, sesquiterpene lactones and secondary me-
tabolites with active aldehydes, epoxide or terminal and/or exocyclic methylene
groups (Table 6.4; Fig. 6.6). In several instances the reactive metabolites are not na-
tively present in plants, but they can be converted to active metabolites either by the
wounding process (releasing metabolizing enzymes) inside the producing organ-
ism or in the body of a herbivore/predator (after biotransformation in intestine or
liver).
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Fig. 6.5 Covalent modifications of proteins
by secondary metabolites. 1. Allylisothio-
cyanate (mustard oil). 2. Citral (linear
monoterpene). 3. Iridoid with opened lactol
ring. 4. Safrole (phenylpropanoid). 

5. Dictaminine (furoquinoline alkaloid). 
6. Plumbagin (naphthoquinone). 7. Psoralen
(furocoumarin). 8. Helenaline (sesquiterpene
lactone). 9. Allicin (SH-reagent). 10. 5-(3-
butenyl-1-ynyl)-2,2-bithienyl (BBT; polyine).



In addition to the unselective interactions (broadband activities), several secon-
dary metabolites are known to modulate protein activities in a specific manner in
that they can bind as a ligand to the active site of a receptor or enzyme; this bind-
ing has been termed “induced fit”. In this case, the structure of a given secondary
metabolite is often a mimic of an endogenous ligand. Well-studied examples in-
clude several alkaloids that are structural analogues of neurotransmitters; for ex-
ample, nicotine and hyoscyamine are mimics of acetylcholine, with nicotine bind-
ing to nicotinic acetylcholine receptors or hyoscyamine to muscarinic acetylcholine
receptors. The various steps in neuronal signaling and signal transduction provide
central targets that are affected by several amines and alkaloids (Table 6.4). The tar-
gets may be the neuroreceptor itself. Agonists mimic the function of a neurotrans-
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Fig. 6.6 Noncovalent modifications of proteins by secondary metabolites.
1, Pentagalloylglucose (gallotannin). 2, Dimeric procyanidin B4 (catechol
tannin). 3, Hypericine (dimeric anthraquinone). 4, Kaempherol (flavonoid).
5, Rosmarinic acid (phenylpropanoid). Note: A color version of this figure
is available in the color plate section.



mitter (acetylcholine, dopamine, noradrenaline, adrenaline, serotonin, GABA, glu-
tamate, glycine, endorphins, peptides) by binding to its receptor and causing the
normal response. Antagonists (often called “blockers”) also bind to the receptor
but act as an inhibitor of the natural ligand by competing for binding sites on the
receptor, thereby blocking the physiological response. Further targets are voltage-
gated Na+, K+ and Ca2+ channels and the enzymes, which deactivate neurotrans-
mitters after they have bound to a receptor, such as acetylcholine esterase, mono-
amine oxidase and catechol-O-methyltransferase. Also relevant are transport pro-
cesses, which are important for the uptake and release of neurotransmitters in the
presynapse or synaptic vesicles. Na+, K+, and Ca2+-ATPases, which restore the ion
gradients, must also be considered in this category. Furthermore, the modulation
of key enzymes of signal pathways, including adenylyl cyclase (making cAMP),
phosphodiesterase (inactivating cAMP or cGMP), phospholipase C (releasing inos-
itol phosphates such as IP3 and diacylglycerol (DAG) and several protein kinases,
such as protein kinase C or tyrosine kinase (activating other regulatory proteins or
ion channels) are important steps for which inhibitors from nature are known (see
Table 6.3).

Another example of a more specific inhibitor is that of HCN released from cyan-
ogenic glycosides common secondary metabolites in plants and some inverte-
brates. HCN is highly toxic for animals or microorganisms due to its inhibition of
enzymes of the respiratory chain (i.e., cytochrome oxidase) and subsequent block-
ade of essential ATP production. HCN also binds to other enzymes containing
heavy metal ions. In the case of emergency – that is, when plants are wounded by
herbivores or other organisms – the cellular compartmentation breaks down and
vacuolar cyanogenic glycosides come into contact with an active â-glucosidase of
broad specificity, which hydrolyzes them to yield 2-hydroxynitrile (cyanohydrine).
2-Hydroxynitrile is further cleaved into the corresponding aldehyde or ketone and
HCN by a hydroxynitrile lyase.

A number of diterpenes are infamous for their toxic properties (cytotoxicity, in-
flammation), such as phorbol esters of Euphorbiaceae and Thymelaeaceae (Fig.
6.7). These diterpenes specifically activate protein kinase C, which is an important
key regulatory protein in animal cells. Another diterpene, forskolin, acts as a po-
tent activator of adenynyl cyclase. Paclitaxel (Taxol®) is another diterpene that can
be isolated from several yew species (including the north American Taxus brevifo-
lia and the European Taxus baccata). Paclitaxel stabilizes microtubules and thus
blocks cell division in the late G2 phase; because of these properties, paclitaxel has
been used for almost 10 years with great success in the chemotherapy of various tu-
mors. Microtubule formation is a specific target for the alkaloids vinblastine (from
Catharanthus roseus), colchicine (Colchicum autumnale) or the lignan podophyllo-
toxin (from Podophyllum and several Linum species) (Fig. 6.7).

One special case of steroidal saponins is that of cardiac glycosides that inhibit
Na+,K+-ATPase, one of the most important targets in animal cells responsible for
the maintenance of Na+ and K+ gradients. Cardiac glycosides can be divided into
two classes:
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• Cardenolides have been found in Scrophulariaceae (Digitalis), Apocynaceae
(Apocynum, Nerium, Strophanthus, Thevetia), Asclepiadaceae (Periploca, Xysmalo-
bium), Brassicaceae (Erysimum, Cheiranthus), Celastraceae (Euonymus), Conval-
lariaceae (Convallaria) and Ranunculaceae (Adonis).

• Bufadienolides occur in Crassulaceae (Kalanchoe), Hyacinthaceae (Urginea) and
Ranunculaceae (Helleborus).

Another example of specific protein inhibition can be found in the class of NPAA
that often occur as anti-nutrients or anti-metabolites in many plants (e.g., in Faba-
ceae). Many NPAA mimic protein amino acids, and quite often can be considered
to be their structural analogues that may interfere with the metabolism of a herbi-
vore. For example, in ribosomal protein biosynthesis NPAA can be accepted in
place of the normal amino acid, leading to defective proteins. NPAA may compet-
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Fig. 6.7 Specific interactions (ligand–receptor
relationships) of secondary metabolites with
proteins. 1, Canavaline (non-protein amino
acid). 2, Hyoscyamine (tropane alkaloid). 
3, Lupanine (quinolizidine alkaloid). 4, Physo-
stigmine (indole alkaloid). 5, Vinblastine
(dimeric monoterpene indole alkaloid). 

6, Podophyllotoxin (lignan). 7, Atractyloside
(diterpenes). 8, Ouabain (cardiac glycoside).
9,12-Tetradecanoyl-phorbol-13-acetate (TPA;
phorbolester). 10, Salicylic acid (phenolic
acid). Note: A color version of this figure is
available in the color plate section.



itively inhibit uptake systems (transporters) for amino acids; they may also inhibit
amino acid biosynthesis by substrate competition or by mimicking end product-
mediated feedback inhibition of earlier key enzymes in the pathway.

6.3.3

DNA and RNA

DNA is an important target in all organisms, as are the enzymes involved with
DNA replication, DNA repair, DNA-topoisomerase and transcription. The transla-
tion of messenger RNA (mRNA) into protein in ribosomes is also a basic target
that is present in all cells. Inhibitors of these systems are often active against a wide
range of organisms, such as bacteria, fungi, and animal cells. The DNA itself can
be modified by compounds with reactive groups, such as epoxides (Fig. 6.8). Infa-
mous in this respect are the pyrrolizidine alkaloids, aristolochic acid, cycasin, fu-
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Fig. 6.8 Interactions of secondary
metabolites with nucleic acids and
corresponding proteins. 1, Harmaline 
(beta-carboline alkaloid). 2, Sanguinarine
(protoberberine alkaloid). 3, Quinine
(quinoline alkaloid). 4, Aristolochic acid. 

5, Ptaquiloside (sesquiterpene). 
6, Safrole (phenylpropanoid). 
7, Dictamine (furoquinoline alkaloid). 
8, Cycasine (azoxyglycoside). 
9, Psoralen (furocoumarin). 
10, Pyrrolizidine alkaloid.



ranocoumarins and secondary metabolites with epoxy groups (often produced in
the liver). Covalent modifications can lead to point mutations and deletion of sin-
gle bases or several bases if the converted bases are not exchanged by repair en-
zymes. Other secondary metabolites with aromatic rings and lipophilic properties
intercalate DNA, which can lead to frameshift mutations (Fig. 6.8). Intercalating al-
kaloids include emetine, sanguinarine, berberine, quinine, â-carboline and furo-
quinoline alkaloids (Wink and Schimmer, 1999). Furocoumarins combine DNA
alkylation with intercalation. Furocoumarins can intercalate DNA and, upon illu-
mination with UV light, can form cross-links not only with DNA bases but also
with proteins; they are therefore mutagenic and possibly carcinogenic. These com-
pounds are abundant in Apiaceae (content up to 4%), but are also present in cer-
tain genera of the Fabaceae and Rutaceae.

Because frameshift mutations and nonsynonymous base exchanges in protein-
coding genes alter the amino acid sequence in proteins, such mutations are usual-
ly deleterious for the corresponding cell. If they occur in germline cells, such as oo-
cytes and sperm cells, even the next generation is negatively influenced either
through malformations or protein malfunctions responsible for certain types of in-
heritable health disorders or illnesses.

Interference with DNA, protein biosynthesis and related enzymes can induce
complex chain reactions in cells. Among these reactions is that of apoptosis, which
leads to programmed cell death and is clearly an important process. Several alka-
loids, flavonoids, allicin, saponins and cardiac glycosides have been shown to in-
duce apoptosis in primary and tumor cell lines (Wink, 2006).

In summary, structures of allelochemicals appear to have been shaped during
evolution in such a way that they can mimic the structures of endogenous sub-
strates, hormones, neurotransmitters or other ligands; this process can be termed
“evolutionary molecular modeling”. Other metabolites intercalate or modify DNA,
inhibit DNA and RNA related enzymes, protein biosynthesis, other metabolic en-
zymes and functional proteins, or they disturb membrane stability and membrane
proteins in a less specific manner.

In general, we find a series of related compounds in a given organism; often, a
few major metabolites and several minor components are present, which differ in
the position of their chemical groups. The metabolic profile usually varies between
plant organs, within developmental periods, and sometimes even diurnally.
Marked differences can also usually be seen between individuals of a single popu-
lation, and even more so between members of different populations. Even small
changes in chemistry can serve as the base for a new pharmacological activity. It is
evident that secondary metabolites are often multifunctional compounds, and
most secondary metabolites carry more than one pharmacologically active chemi-
cal group (pharmacophor). In addition, secondary metabolites usually occur in
complex mixtures of various types. In consequence, as the secondary metabolites
present in a given plant or animal always affect several molecular targets, it is likely
that several targets are modulated concomitantly in herbivores/predators or mi-
crobes and last – but not least – in patients treated with plant-based medicines.
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6.4

The Utilization of Secondary Metabolites in Medicine

Since the early days of mankind, plants with secondary metabolites have been used
to treat infections, health disorders, and illness (Mann, 1992; Wagner and Wiese-
nauer, 1995; Roberts and Wink, 1998; Wink, 1999b). Only during the past 100
years have natural medicines been replaced by synthetic drugs, for which plant
structures were a lead in many instances (e.g., salicylic acid for aspirin). The use of
plant drugs for medical treatment is possible since plants have evolved bioactive
metabolites directed against microbes and herbivores (see above). The utilization
of such compounds for medicinal purposes is, therefore, only the other side of the
coin. Cardiac glycosides, for example, are very poisonous as they inhibit Na+,K+-
ATPase, a central target in animals. However, if these compounds are used at low-
er concentrations the toxic effects are reduced and the medically beneficial activity
is more pronounced. The Na+,K+-pumps are partly inactivated, leading to a higher
Na+ concentration in cardiac cells. This in turn stimulates a Na+, Ca++ transporter,
that increases the Ca++ concentration in the cell; the enhanced Ca++ concentration
then stimulates muscular contraction.

Several secondary metabolites from plants are used medicinally as isolated com-
pounds, including many alkaloids (Roberts and Wink, 1998; Wink, 1993, 2006)
such as morphine (pain killer), codeine (antitussive), papaverine (phosphodieste-
rase inhibitor), ephedrine (stimulant), ajmaline (antiarrhythmic), quinidine (anti-
arrhythmic), quinine (antimalarial), paclitaxel (tumor therapy), vinblastine (tumor
therapy), podophyllotoxin (tumor therapy), camptothecine (tumor therapy), reser-
pine (antihypertensive), galanthamine (acetylcholine esterase inhibitor; Alzhei-
mer’s disease), aconitine (pain killer), physostigmine (acetylcholine esterase inhib-
itor), atropine (spasmolytic; mydriatic), scopolamine (travel sickness), berberine
(psoriasis), caffeine (stimulant), theophylline (antitussive), capsaicin (rheumatic
pains), colchicines (gout), yohimbine (aphrodisiac), and pilocarpine (glaucoma).
Other secondary metabolites include cardiac glycosides, genistein (tyrosine kinase
inhibitor, phytoestrogen), khellin (angina pectoris), artemisinin (antimalarial),
menthol (spasmolytic), and thymol (antiseptic).

In addition to individual compounds, plant extracts and even crude drugs are
widely used in many parts of the world. In complex health disorders for which the
targets are not known, the application of extracts with unselective ingredients that
affect several proteins and biomembranes might even be the solution of choice.
The likelihood is high that the relevant target will also be affected, even if it is not
known.

One very large group of microbial secondary metabolites – the antibiotics – are
most likely synthesized by microorganisms as defense compounds against other
microbes, but have been used medicinally for the past 60 years. Today, because re-
sistance against common antibiotics is increasing there is an urgent need for new
antibiotics with new targets, and consequently bioprospecting for antibiotics and
cytotoxic compounds from bacteria and fungi is an especially active field of re-
search. Several bacteria cannot be cultivated and have therefore not been studied in
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the laboratory. However, by using genetic methods it might be possible to clone
and express the corresponding genes that encode biosynthetic pathways for secon-
dary metabolites, thereby overcoming the problem of cultivation.

Marine organisms produce secondary metabolites that have mostly been select-
ed against microbes and lower animals. It is therefore not surprising that among
the secondary metabolites isolated from these organisms, many have antibiotic
and cytotoxic properties. Indeed, some of these have undergone extensive phar-
macological trials and now provide interesting drug candidates.

6.5

Conclusions

Plants, sessile animals and bacteria produce a wide variety of bioactive metabolites
(Table 6.2) that, to date, have been only partly studied. Understanding the physiol-
ogy, biochemistry and ecology of secondary metabolism offers an opportunity to
breed plants with a better protection against microbes and herbivores. Moreover,
understanding their molecular pharmacology represents a key to exploit bioactive
natural chemicals in a rational way in medicine and agriculture (biorational pesti-
cides). The Human Genome Project will in time identify a large number of new
molecular targets, and already today industry is employing high-throughput
screening to seek interesting compounds that interact with such a target. Secon-
dary metabolites from plants, animals and microbes which have been preselected
and shaped during evolution offer a very interesting chance to obtain relevant “-
hits”. In this respect, the search for new active compounds or leads has been aptly
named as “bioprospecting” – the search for biological gold.
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Biotechnological Approaches for the Production of some 
Promising Plant-Based Chemotherapeutics

Ashish Baldi, V.S. Bisaria, and A.K. Srivastava

Abstract

Today, natural products from plants provide better templates for the design of po-
tential chemotherapeutic agents than synthetic drugs. Paclitaxel (Taxol), podophyl-
lotoxin and camptothecin are some lead molecules which have proved to be
Nature’s boon in the treatment of cancer. To meet ever-increasing demands, bio-
technological methods offer an excellent alternative, but the economy of such a
production is the major hurdle to be overcome. The successful industrial applica-
tion of plant cell cultivation for the production of these therapeutic compounds will
trigger further research on other promising plant-based chemotherapeutics. As the
initial hurdles for large-scale cultivation of plant cells have been overcome, the new
areas of concern to produce desired products are synergistic product enhancement
strategies, along with in-depth knowledge of the biosynthetic pathway. The com-
plete pathway for the biosynthesis of podophyllotoxin has already been established,
but alternative pathways of different metabolic fates of lignans, the precise se-
quence of the later steps in taxol biosynthesis, and the iridoid section of campto-
thecin biosynthesis have yet to be realized. Understanding of biochemistry, enzy-
mology, physiology, bioreactor design and the application of proteomics and ge-
nomics are other areas on which to focus. Several points in a given metabolic path-
way can be controlled simultaneously, either by overexpressing and/or suppress-
ing several enzymes, or through the use of transcriptional regulators to control en-
dogenous genes. Thus, multipoint metabolic engineering offers new perspectives
for improvements in the production of plant-based chemotherapeutics. The aim of
this chapter is to provide an overview of research on key anticancer drugs in order
to elucidate the biotechnological approaches for their production in cell cultures.
Special emphasis is placed on the biosynthetic pathway mapping and metabolic
engineering.
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7.1

Introduction

Cancer, an unrestrained proliferation and migration of cells, is a scourge that has
afflicted mankind since time immemorial. In spite of the spectacular advances
made by medical science during the past century, the treatment of cancer remains
an enigma. Cancer represents the single largest cause of death in both men and
women, and is a growing public health menace. Each year, about seven million
new cases are diagnosed, and about five million people die as a result of cancer.
Prevalence data indicate that, currently, about 14 million people are suffering from
cancer. Bearing in mind the level of morbidity that is often affiliated with this dis-
ease, comprehension of such a high incidence is horrifying.

In recent years, efforts have been made to synthesize potential anticancer drugs;
consequently, hundreds of chemical variants of known classes of anticancer thera-
peutic agents have been synthesized. It has been recognized that a successful anti-
cancer drug should be one, which kills or incapacitates cancer cells without caus-
ing excessive damage to the normal cells. This criterion is difficult, or perhaps, im-
possible to attain, and that is why cancer patients suffer from unpleasant side ef-
fects while undergoing treatments. While vast amounts of synthetic chemistry
have provided relatively small improvements over the prototype drugs, the synthe-
sis of modified forms of known drugs continues as an important aspect of re-
search. There exists a need for new prototypes and new templates for use in the de-
sign of potential chemotherapeutic agents. Natural products are capable of provid-
ing such templates.

In the United States, under the Cancer Chemotherapy National Service Centre
(CCNSC), National Cancer Institute (NCI) programme, over 35000 plants were
screened for anticancer activity between 1960 and 1986, and over 2000 crystalline
plant-derived compounds were isolated and tested for activity against P388 lympho-
cytic leukemia and KB carcinoma in cell culture. The screening program of the
CCNSC brought to light hundreds of plant species, which were never used to treat
cancer in any system of medicine. Some of the well-recognized anticancer plants are
listed in Table 7.1. Chemical and biochemical investigations on some of these plants
have yielded certain “lead” molecule as Nature’s boon for cancer chemotherapeutic
uses. With an understanding of the mechanism of action as well as the structure–ac-
tivity relationship, several better analogues of these “lead” molecules have been pre-
pared. Thus, it is now doubtless that plants are the most vital source of several com-
pounds, which possess significant therapeutic values for combating cancer.

Plants are the most exclusive source of drugs for the majority of the world’s pop-
ulation, and plant products constitute about 25% of prescribed medicines [1,2].
The impact of natural products upon anticancer drug discovery and design can be
gauged by the fact that approximately 60% of all drugs, now in clinical trials for the
treatment of cancer, are either natural products, compounds derived from natural
products, or contain pharmacophores derived from natural products [3,4]. Some
important antitumor compounds isolated from different parts of higher plants are
listed in Table 7.2.

118 7 Biotechnological Approaches for the Production of Some Promising Plant-Based Chemotherapeutics



1197.1 Introduction

Table 7.1 The anticancer plants and their active constituents.

Plant Family Active constituent(s)

Acer negundo Aceraceae Acer saponin P (Saponin)
Acnistus arborescens Solanaceae Withalerin A (Withanolide)
Acronychia baueri Rutaceae Acronycine (Acrlaone alkaloid)
Allamanda cathartica Apocynaceae Allarnandin (Monoterpene)
Baccharis megapotamica Asteraceae Baccharin (Sesquiterpene)
Baileya multiradiata Asteraceae Pseudoguaianolide
Bersama abyssinica Melianthaceae Hellebrigenin acetate (Buladienullde)
Bouvardia temifolia Rubiaceae Bourvardin (Peptide)
Brucea antidysenterica Simaroubaceae Broceanlin (Simaroubolide)
Caesalpinia gilliesii Fabaceae Cesalin
Camptotheca acuminata Nyssaceae Camptothecin (Pyrraloquinolille alkaloid)
Catharanthus roseus Apocynaceae Vinblastine, Vincristine (Bis-indole alkaloid)
Cephalis acuminata Rubiaceae Emetine (Isoquinoline alkaloid)
C. ipeccacuanha Rubiaceae Emetine (Isoquinoline alkaloid)
Cephalotaxus harringtonia Cephalotaxaceae Harringtonine (Cephalotaxine alkaloid)
Cocculus sp. Menispennaceae Gocculine, Cocculidine (Bisclaurine alkaloid)
Colchicum autumnale Liliaceae Colchicine (alkaloid)
C. speciosum Liliaceae Colchicine (alkaloid)
Crocosmia crocosmiiflora Iridaceae Medicagenic acid (Saponin)
Crotalaria assamica Leguminosae Monocrotaline (Pyrrolizidine alkaloid)
C. spectabilis Leguminosae Monocrotaline (Pyrrolizidine alkaloid)
Croton macrostachys Euphorbiaceae Crotepoxide
C. tiglium Euphorbiaceae Phorbol derivatives (Terpenoid)
Cyclea peltata Menisperrnaceae Tetrandrine (Isoquinoline alkaloid)
Daphne mezereum Thymelaeaccae Mezerein (Diterpene)
Elephantopus elatus Asteraceae Elephantopin (Sesquiterpene)
E. mollis Asteraceae Molephantinin (Sesquiterpene)
Eupatorium hyssopifolium Asteraceae Eupahyssopin (Sesquiterpene)
Euphorbia escula Euphorbiaceae Ingenal dibenzoate
Fagara macrophylla Rutaceae Nilidine (Benzophenanthridine alkaloid)
F. zanthoxyloides Rutaceae Fagaronine (Benzophenanthridine alkaloid)
Gnidia lamprantha Thymelaceaceae Guidin (Diterpene)
Gossypium sp. Malvaccae Gossypol (Sesquiterpene dimer)
Helenium autumnale Asteraceae Helevalin (Sesquiterpene)
H. microcephaiam Asteraceae Microlenin (Sesquiterpene dimer)
Heliotropium indicum Boraginaceae Indicine-N-oxide (Pyrrolizidine alkaloid)
Holacantha emoryi Simaroubaceae Holacanthone (Sirnaroubalide)
Hymenoclea salsola Asteraceae Ambrosin (Sesquiterpene)
Ipomoea batatas Convovulaceae 4-Ipomeanal (Monoterpene)
Jacaranda caucana Bignoniaceae Jacaranone (Quinone)
Jatropha gossypiifolia Euphorbiaceae Jatrophone (Diterpene)
Juniperus chinensis Cupressaceae Podophyllotoxin (Lignan)
Liatris chapmanii Asteraceae Liatrin (Sesquiterpene)
Linum album Linaceae Podophyllotoxin (Lignan)
Linum flavum Linaceae 5-Methoxypodophyllotoxin (Lignan)
Mappia foetida Olinaceae Camptothecin (Pyrroloquinoline alkaloid)
Marah omganus Cucurbitaceae Cucurbitacin E
Maytenus buchananii Celaslraceae Maytansine (Ansa macrolide)
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Table 7.1 Continued

Plant Family Active constituent(s)

M. ovatus Celastraceae Maytansine (Ansa macrolide)
M. serrata Celastraceae Maytansine (Ansa macrolide)
Montezuma speciasissima Malvaceae Gossypol (Sesquiterpene dimer)
Ochrosia elliptica Apocynaceae Ellipticine (Pyridocarbazole alkaloid)
O. maculata Apocynaceae 9-Methoxyellipticine (Pyridocarbazole alkaloid)
O. moorei Apocynaceae Ellipticine (Pyridocarbazole alkaloid)
Parquetina nigrescens Asclepiadaceae Strophanthidin (Cardenolide)
Penstemon deutus Scrophulariaceae Penstimide (Monoterpene)
Phyllanthus acuminatus Euphorbiaceae Phyllathoside 
Pierreodendron kerstingii Sapotaceae Glaucarbuinone (Simaroubolide)
Piper futokadzura Piperaceae Crotepoxide
Podtxatpus gracilori Podocarpaceae Podolide (Dilactone)
Podophyllum hexandrum Podophyllaceae Podophyllotoxin, Peltatin (Lignan)
P. peltatum Podophyllaceae Podophyllotoxin, (Lignan)
Putterlickia verrucosa Celastraceae Maytansine (Ansa macrolide)
Simarouba glauka Simaroubaceae Glaucarubinone (Simaroubolide)
Steganotaenia araliaceae Umbelliferae Liatrin (Sesquiterpene)
Stereospermum suaveolens Bignoniaceae Lapachol (Quinone)
Strophanthus sp. Apocynaceae Strophanthidin (Cardenolide)
Taxodium distichum Taxodiaceae Taxodione (Diterpene)
Taxus baccata Taxaceae Paclitaxel (Diterpene)
T. brevifolia Taxaceae Paclitaxel (Diterpene)
Thalictrum dasycatpum Ranunculaceae Thalicarpine (Isoquinoline alkaloid)
T. minus Ranunculaceae Thalicarpine (Isoquinoline alkaloid)
Tripterygium wilfordii Celastraceae Tripdiolide, Triptolide (Diterpene)
Tylophora asthmatica Asclepiadaceae Tylophorine
T. cerbiflora Asclepiadaceae Tylocrebine (Phenanthroidolizidine alkaloid)
Vernonia guineensis Asteraceae Vemolepin (Sequiterpene lactone)
V. hymenolepis Asteraceae Vemolepin (Sequiterpene lactone)
Withania somnifera Solanaceae Withaferin A, B (Withanolides)
Zaulzainia sp. Rubiaceae Zaluzonic C (Ridoid)
Zanthoxylum sp. Rutaceae Nitidine (Benzoohenathridine)

Table 7.2 Concentrations of antitumor compounds present in higher plants.

No. Antitumor compound Concn. 
[dry wt. %]

1 Baccharin 2.0 ×10–2

2 Bruceantin 1.0 ×10–2

3 Camptothecin 5.0 ×10–3

4 Ellipticine 3.2×10–5

5 Homoharringtonine 1.8 ×10–5

6 Maytansine 2.0 ×10–5

7 Podophyllotoxin 6.4 ×10–1

8 Taxol 5.0×10–1

9 Tripdiolide 1.0×10–3

10 Vinblastine, Vincristine 5.0 ×10–3



During the past decade, renewed interest in investigating plant-based products
has led to the advent of several important anticancer substances. Most important
are paclitaxel (taxol) from Taxus brevifolia L., podophyllotoxin from Podophyllum
peltatum L., and camptothecin from Camptotheca acuminata Decne. Interestingly,
these substances embrace some of the most exciting new chemotherapeutic agents
currently available for use in clinical settings. The analogues of podophyllotoxin,
taxol and camptothecin are illustrated in Figures 7.1, 7.2 and 7.3, respectively. The

1217.1 Introduction

Fig. 7.1 Podophyllotoxin and its analogues.



use of paclitaxel has been expanded to include a greater variety of cancers and more
recently, Taxotere® has received approval by the FDA. Further, a podophyllotoxin
analogue, teniposide (Vumon®), and a water-soluble camptothecin analogue, to-
petocan hydrochloride (Hycamtin®), have been approved for human use during
the past few years. Based on this impressive array of structures and activities, it is
clear that plants and plant-derived drugs play a dominant role in contemporary
cancer therapy [5]. The mode of action of some promising chemotherapeutics from
natural origin and their derivatives is indicated in Table 7.3.
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Fig. 7.2 Taxol and its analogues.



7.2

Production by Plant Cell Cultures

It is not an easy task to produce these compounds economically by extraction from
intact plants and meet the ever-increasing demand. This may be due to very low
concentrations of these active compounds in plants (Table 7.4), the slow growth
rate of plants, complex accumulation patterns, and high susceptibility to geograph-
ical and environmental conditions. Other possible reasons are the non-availability
of uniform and unadulterated quality plant material in quantities sufficient for in-

1237.1 Introduction

Fig. 7.3 Camptothecin and its analogues.
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Table 7.3 Some chemotherapeutic products from natural sources, and their mode of action.

Source Natural Mode of action Cancer Refer-
compounds or inhibited  ence(s)
its derivatives

Podophyllum Podophyllotoxin As a mitotic spindle poison, Lung 161 
spp. (Natural) binds the microtubule and 

causes mitotic arrest in 
metaphase

Etoposide and Induce a premitotic blockage Lung, 161, 162   
teniposode in the cell cycle, at two testicular,
(Semisynthetic specific places, either in late leukemias 
derivatives) S-phase or in early G-phase, 

by binding to and stabilizing 
the cleavable complex of 
DNA–topoisomerase II.

Taxus baccata 10-Deacetyl Promotes tubulin assembly Breast, ovarian,  66, 163 
baccatin and inhibition of microtubule nonsmall-
111:Docetaxel depolymerization; also acts cell lung,  
(Semisynthetic as a mitotic spindle poison head and neck,  
derivatives) and induced mitotic block in colorectal 

proliferative cells melanoma

Taxus Paclitaxel Promotes assembly of Advanced 164–167
brevifolia (Natural) microtubules, stabilizes breast, ovarian, 

them against depolymeriza- adenocarcinoma, 
tion, and inhibits cell replica- and other solid 
tion; causes cell apoptosis. tumors

Camptotheca 10-hydroxy Inhibits action of  Liver, 168–170
acuminata camptothecin, topoisomerase I, prevents colorectal,

(Natural) religation of DNA strand, head and neck  
Irinotecan results in cell death cancer, 
(CPT-11), SN-38 leukemia 
(Semisynthetic 
derivatives)

Table 7.4 Antitumor compounds from cell cultures versus intact plant.

Plant Antitumor Plant Cultured cells Reference(s)
compound [% DW] [% DW]

Camptotheca acuminata Camptothecin 5×10–3 2.5×10–4 160
Podophyllum spp. Podophyllotoxin 6.4×10–1 7.1×10–1 8, 9
Taxus spp. Taxol 5×10–1 153 mg L–1 25

DW, dry weight.



dustrial production and uneconomical chemical synthesis, particularly for large
complex molecules. Therefore, biotechnological methods offer an excellent alter-
native for production of such compounds.

Some of the major limitations to meet the demand of podophyllotoxin are the in-
accessible region from where the plant is obtained, its endangered status due to
over-exploitation of natural resources, a long juvenile phase, poor fruit-setting abil-
ity, a long period of germination of the seeds, the continuing demand for the drug
and very complicated and rather difficult chemical synthesis because of the pres-
ence of four chiral centers, a rigid trans lactone and an axially located 1-aryl substit-
uent. The most difficult problems encountered in paclitaxel production are supply
limitation arising from its very low concentration in the bark of the T. brevifolia (ca.
0.01% dry weight), and the very slow growth of the yew tree [6]. In order to isolate
1 kg of taxol, 10 000 kg of dried bark from 3000 T. brevifolia trees must be extract-
ed, whilst almost 2 g of taxol is needed to treat one patient. On the other hand, cer-
tain secondary metabolites such as camptothecin are accumulated only after a cer-
tain age or maturity of the plant. Hence, it is difficult to increase the area under
plantation.

To overcome all these hurdles, the industry requires alternative methods of sup-
ply of uniform material throughout the year. Plant cell culture technology is un-
doubtedly one of the appropriate approaches to solve the above-described prob-
lems. However, before implementing this approach, the cost of the product and its
demand should justify production by biotechnological means. For commercializa-
tion, one must consider the economic aspects and development of feasible biopro-
cess technologies and relevant reactor design and mode of operations for the pro-
duction of these plant secondary metabolites. In this respect, batch, fed-batch and
continuous cultivation of suspension culture are found to be the most economic
methods [7]. The goal should therefore be to improve the productivity of cells in or-
der to make the production of these compounds commercially viable. Commonly,
no single growth-enhancing strategy can produce such a large increase, but in
many cases the simultaneous application of multiple strategies results in synergis-
tic interaction and thus an improvement of the yield. The biotechnological ap-
proaches used for production of anticancer drugs, podophyllotoxin, taxol, and
camptothecin, will be addressed in the following sections.

7.3

Biotechnological Approaches for Production

7.3.1

Dedifferentiated Cultures

Today, the potential of plant cells to produce secondary metabolites in dedifferen-
tiated cultures is used extensively to produce plant-derived drugs. Screening by se-
lection of high-yielding cell lines is the most common method to enhance produc-
tivity.
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Tissue cultures of Podophyllum peltatum for the production of podophyllotoxin
were initiated from various explants such as rhizomes, roots and leaf segments of
field-grown plants. The efficiency of various factors such as the source of explant,
growth regulators and light conditions on callus growth and podophyllotoxin pro-
duction were studied [8,9]. Callus was also induced from P. hexandrum in-vitro-
grown seedlings [10]. When the callus derived from P. hexandrum was incubated in
B5 medium containing 2,4-D, gibberellic acid and 6-benzylaminopurine, podo-
phyllotoxin, 4’-demethyl-podophyllotoxin and podophyllotoxin-4-O-glucoside were
produced, and the levels of podophyllotoxin and its derivatives were similar to
those in the parent plant (0.3% dry weight) [11]. As the levels found in these cul-
tures were quite low, the interest in podophyllotoxins was revived when root cul-
tures of Linum flavum were found to contain high levels (1% dry weight) of 5-meth-
ylpodophyllotoxin and its glucosides [12]. Other podophyllotoxin-producing callus
cultures are those from sterile leaves in Juniperus chinensis, needles of Callitris
drummondii, and the stem and leaves of young seedlings of Linum album on differ-
ent media [13–16]. Callus tissues and suspension culture cells of Lilium album also
demonstrate podophyllotoxin production. One of the cell lines produced 0.3% pod-
ophyllotoxin of dried cells, together with small amounts of 5-methyl podophyllo-
toxin, lariciresinol and pinoresinol after three weeks of cultivation [14]. Cell sus-
pension cultures of Callitris drummondii (conifer) also accumulated podophyllotox-
in-â-d-glucoside. In the dark, the cells produced approximately 0.02% podophyllo-
toxin of the dry cell mass, and 85–90% of the lignans were of the â-d-glucoside
form, while in light the yield of podophyllotoxin-â-d-glucoside increased to 0.11%
[17].

Podophyllum hexandrum cell suspension was initiated under dark conditions on
a rotary shaker at 26 °C using Gamborg’s B5 salts supplemented with coconut
milk, sucrose and naphthalene acetic acid (NAA) [10], on Gamborg’s B5 salts sup-
plemented with 2,4-D, gibberellin and benzyladenine [11], and on MS medium
containing indole acetic acid (IAA) on a gyratory shaker at 20 °C in the dark in the
authors’ laboratory [18]. During culture growth, reduction in cell viability, biomass
and product yield were found to be associated with browning of culture medium,
clumping of cells, and a fall in medium pH. Supplementations of the medium
with polyvinylpyrrollidone (PVP) stopped browning of the culture medium, as well
as the fall in pH. Clumping of cells was reduced by the application of pectinase.
P. hexandrum cells were found to be slow-growing and required 30 days to reach
the maximum biomass of 8.3 g L–1. Podophyllotoxin production in unoptimized
medium was only 4.9 mg L–1 after 32 days [18]. The production of lignans by plant
cell cultures at significant levels is listed in Table 7.5.

In the past, several investigators reported low paclitaxel levels in plant cell cul-
tures [19–21], but today levels of 10–22 mg L–1 are common [22–24], significantly
higher levels (i.e., 153 mg L–1 [25] and 110 mg L–1 [26]) have been reported by some
research groups. Callus cultures and suspension cultures from T. brevifolia cv. Re-
pandens, T. cuspidata, T. media cvs. Hicksii and Densiformis were established. Al-
though some cell lines grew rapidly, with doubling times of 9–14 days, the levels of
paclitaxel were too low for commercial production [20]. Twenty-seven different yew
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trees belonging to various genotypes and hybrids have been screened for their ca-
pacity to produce significantly high amounts of taxoids. Taxus media “Sargentii”
proved capable of producing viable callus cultures from excised roots placed in vi-
tro. In leaves and calluses, 0.069 and 0.032% paclitaxel contents were found, re-
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Table 7.5 Production of lignans in various cell cultures.

(a) In callus culture

Species Explant Lignan content Culture Refer-
[% dry weight] strategy ence(s)

Callitris drummondii Needle 0.02% (PT) Callus 58

Juniperus chinensis Leaf 0.005% (PT) Callus 16

Linum album Leaf and stem of 0.3% (PT) Callus 14 
young seedling

Podophyllum peltatum Rhizome 0.7% (PT) Callus 9

Podophyllum hexandrum Seedling 0.3% (PT) Callus 11

(b) In shake flasks

Species Culture time Lignan content Culture Refer-
[days] [mg L–1] Strategy ence(s)

Callitris drummondii 25 16.5 (PT) Suspension 171

Linum album 11 18.0 (PT) Suspension 172

L. flavum 14 5.4 (5-MPT) Suspension 173

L. flavum 21 121.4 (5-MPT) Root-like 37 
Suspension

L. nodiflorum 20 22.4 (PT)

12 76.6 (5-MPT) Suspension 174

Podophyllum hexandrum 15 24.3 (PT) Suspension 10
21 48.8 (PT) Suspension in 47 

optimized medium

P. peltatum 21 27.0 (PT) Embryogenic 175 
Suspension

(c) In bioreactors

Species Biomass Podophyllotoxin Volumetric Culture strategy Refer-
[g L–1] [mg L–1] productivity ence(s)

[mg L–1·d]

P. hexandrum 21.4 13.8 0.53 Batch 46
48.0 43.2 0.72 Fed-batch 98
53.0 48.8 0.81 Continuous 97

PT, podophyllotoxin; 5-MPT, 5-methoxy podophyllotoxin.



spectively; these were significantly higher than were previously reported for other
genotypes [27]. The production of taxoids in various cell cultures of Taxus spp. on
industrially interesting levels is provided in Table 7.6.
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Table 7.6 Production of taxoids in various cell cultures.

(a) In shake flasks

Species Culture time Taxoid content Culture strategy Reference
[days] [mg L–1]

T. canadensis 12 117.0 (PcT) Elicitation with methyl 74 
14 506.0 (TT) jasmonate 

T. media 14 110.3 (PcT) Elicitation with methyl 26 
14 145.3 (TT) jasmonate

T. chinensis 42 153.0 (PcT) Medium optimization+ 25
42 295.0 (TT) elicitation+ two-stage culture

35 67.0 (PcT) Intermittent maltose feeding 49

35 49.6 (PcT) Silver nitrate elicitation 49
35 885.9 (Tc)
35 82.4 (PcT) Silver nitrate elicitation+ 49
35 512.9 (Tc) temperature shift
42 137.5 (PcT) Silver nitrate elicitation+ 49

temperature shift
23 274.4 (Tc) Sucrose feeding 59

15 527.0 (Tc) Sucrose feeding+elicitation 176 
with methyl jasmonate

(b) In bioreactors

Species Reactor Taxoid content Culture strategy Reference
[mg L–1]

T. cuspidata 600-mL 22.0 (PcT) Batch study 22 
Wilson type

Balloon-type 74.0 (TT) Media replacement 105
bubble reactor

T. media 5-L stirred 21.1 (PcT) Two stage culture + Elicita- 82  
reactor 56.0 (Bc) tion with methyl jasmonate+

precursor

T. chinensis 1-L bubble 229.0 (Tc) Ethylene addition 107 
column

1-L airlift 336.0 (Tc) Sucrose feeding+Elicitation 81 
with methyl jasmonate+
ethylene addition

1-L airlift 612.0 (Tc) Sucrose feeding+Repeated 48 
elicitation with methyl 
jasmonate

PcT, paclitaxel; Tc, taxuyunnanine C; TT, total taxanes; Bc, Baccatin III.



Suspension cultures of Nothapodytes foetida were established, and the cell bio-
mass was higher in the presence of NAA in comparison with 2,4-D. Culture medi-
um supplemented with NAA and benzyl adenine (BA) attained 31.3 g L–1 dry
weight during 20 days of cultivation in shake flasks. In the presence of NAA, max-
imum concentrations of camptothecin (0.035 mg mL–1) and 9-methoxycamptothe-
cin (0.026 mg mL–1) were found in the medium. Alkaloid production was reduced
in the presence of 2,4-D in the culture medium [28]. Camptotheca acuminata callus
cultures were induced on MS medium containing 2,4-D, and kinetin and liquid
cultures were developed in the presence of gibberellin, l-tryptophan, and condi-
tioned medium, which yielded camptothecin at about 0.0025% on a dry weight ba-
sis [29]. When the cultures were grown on MS medium containing NAA, accumu-
lation of camptothecin reached 0.998 mg L–1 [30]. Camptothecin and 10-hydroxy-
camptothecin were also detected in the shoots and callus cultures of C. acuminata.
Cultures maintained on MS medium supplemented with NAA contained 0.08%
dry weight of 10-hydroxycamptothecin [31]. The culture strategies used to produce
camptothecin and related compounds are listed in Table 7.7.
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Table 7.7 Production of camptothecin in various cell cultures.

(a) In callus culture

Species Alkaloid content Culture strategy Reference
[% dry weight]

Camptotheca acuminata 0.0025% (CPT) Gibberillin+Tryptophan+ 29
Conditioned medium

Camptotheca acuminata 0.08% (10 OH CPT) MS+NAA 31

(b) In shake flasks

Species Alkaloid content Culture strategy Reference
[mg L–1]

Nothapodytes foetida 0.035 (CPT) MS+NAA +BA 28
0.026 (MCPT)

CPT, camptothecin; 10 OH CPT, 10-hydroxy camptothecin; MCPT, methoxy camptothecin.

7.3.2

Differentiated Cultures

Different plant parts such as roots, shoots and embryo have been cultured, and
produce compounds similar to that from the whole plant. Embryogenic roots from
a Podophyllum peltatum callus were induced in liquid MS medium supplemented
with NAA, kinetin and casein hydrolyzate. The roots were then transferred to the
medium without growth regulators, whereupon 1.6% of podophyllotoxin was de-
tected in the dried tissues, which was sixfold higher than in the mother plant [32].



Strategies towards the in-vitro propagation and cultivation of P. hexandrum have
been established by growing excised embryo on basal medium [33,34]. Rapidly pro-
ducing and high-yielding P. peltatum plants were developed from in-vitro propaga-
tion protocol by growing rhizome tips on the basal MS medium containing su-
crose, supplemented with benzyladenine and activated carbon. The podophyllotox-
in contents of in-vitro-rooted bud and plantlet cultures were similar to the contents
found in the wild [35].

Improvements in the productivity of podophyllotoxin required some morpholog-
ical differentiation, for example root formation [37]. A threefold increase in podo-
phyllotoxin content in comparison to controls was obtained in transformed calli of
P. hexandrum developed by transformation of embryo using different strains of
Agrobacterium rhizogenes viz. A4, 15834, and K599 [38]. Hairy root cultures of
Linum flavum were also reported to produce up to 1% of 5-methoxypodophyllotoxin
and its glucoside derivative on a dry cell weight basis. 5-Methoxypodophyllotoxin,
isolated from the root cultures of L. flavum grown on vitamin-free MS basal medi-
um supplemented with sucrose, appeared to have about the same cytotoxic poten-
cy as podophyllotoxins and its semisynthetic derivatives [36]. The levels of podo-
phyllotoxins varied from 0.05% to 0.3% dry weight, depending on the culture con-
ditions and the tendency to differentiate. Thus, hairy root cultures of Linum flavum,
producing 1.5–3.5% podophyllotoxins in dry weight, seem to be most suitable for
future research efforts [39].

Linum flavum hairy roots were also initiated from leaf discs with a success rate of
approximately 50% using A. rhizogenes strains LBA9402 and TR105, while conife-
rin accumulation was significantly greater in LS medium containing 2,4-D and
NAA than in MS medium without growth regulators. In LS medium, biomass and
coniferin concentrations varied substantially by a factor of about 34 across eight
different hairy root lines in shake-flask studies. The maximum coniferin concen-
tration measured in the biomass was 58 mg g–1 dry weight, and little or no conife-
rin was released into the medium during culture [40].

The genetic transformation of Taxus brevifolia and T. baccata was also reported
using two strains of Agrobacterium tumefaciens (Bo542 and C58) [41]. Very few re-
ports exist of Agrobacterium-mediated genetic transformation of Taxus, as the bot-
any hierarchy of the Taxus is classified within group Gymnosperm of the Taxaceae
family and Agrobacterium strains are less or no virulence towards gymnosperms.

The embryos developed unorganized callus tissues in medium containing BA +
2,4-D. BA +NAA medium promoted multiple shoot development, while kinetin
(Kn) +NAA and Kn +IAA in the medium favored plantlet formation. The differen-
tiated plantlet cultures showed slightly higher amounts of 9-methoxycamptothecin
(0.0007% dry weight) than the undifferentiated callus cultures (0.0001% dry
weight) [43]. The hairy roots of Ophiorrhiza pumila, producing camptothecin and
its related alkaloids (i.e., (3S)-pumiloside, (3S)- and (3R)- deoxypumilosides and
strictosamide) were also reported [44].
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7.3.3

Optimization of Culture Media Composition and Culture Conditions

Medium and culture condition optimization can increase the productivity in sus-
pension culture by a factor of 20 to 30, and is very important in order to obtain an
efficient system for the production of high levels of secondary metabolites from
plant cells.

Podophyllotoxin accumulation was strongly affected by light, with red light stim-
ulating its production in P. pelatum cell cultures [9]. Illumination stimulated the
endogenous production of podophyllotoxin-â-d-glucoside, to a concentration of
0.11% (dry weight), in L. flavum cultures [44]. Dark-grown suspension cultures of
P. hexandrum accumulated 0.1% podophyllotoxin, which was three- to fourfold
that in light-grown cultures [44]. Similar results were also observed in the authors’
laboratory [45]. P. hexandrum cells growing in shake flasks were found to be sensi-
tive to hydrodynamic stresses generated by changing rotational speeds. A rotation-
al speed of 150 rpm showed more than 80% viability of P. hexandrum cells. A me-
dium pH of 6.0 was favorable for high biomass production and podophyllotoxin ac-
cumulation in P. hexandrum cell cultures [46]. MS medium with 60 mM nitrogen
having an ammonium to nitrate salt ratio of 1:2, 60 g L–1 glucose and 1.25 mM
phosphate were found to be optimum for podophyllotoxin production [47]. Statis-
tical optimization methodology, such as Plackett–Burman design and Response
Surface Methodology, have been employed to optimize the media and culture con-
ditions for growth and podophyllotoxin production in P. hexandrum cultures. The
optimized values of important nutritional parameters were found to be medium
pH 6.0, 1.25 mg L–1 IAA concentration, 72 g L–1 glucose concentration, and an in-
oculum level of 8 g L–1. When P. hexandrum was cultivated under statistically opti-
mized culture conditions, a maximum of 20.2 g L–1 (dry weight) of biomass and
48.8 mg L–1 podophyllotoxin was obtained [46].

The addition of 50% (v/v) conditioned medium on day 0 resulted in a higher av-
erage growth rate compared to controls. In the case of bioreactor cultivation, taxuy-
unnanine (Tc) production and productivity of 43.0 ±17.6 mg L–1 and 1.0 ±
0.8 mg L–1 day –1 in the control culture increased to 78.9±20.6 mg L–1 and 4.5 ±
1.2 mg L–1 day –1, respectively, when conditioned medium was added [48]. The ef-
fects of temperature shift on cell growth and paclitaxel production in suspension
culture of T. chinensis was studied. Cell growth was optimum at 24 °C, while pacli-
taxel synthesis reached a maximum at 29 °C [49]. The most effective gas mixture
composition in terms of paclitaxel production was 10% (v/v) oxygen, 0.5% (v/v)
carbon dioxide, and 5 mg L–1 ethylene [50,51]. The manipulation of the amount
and source of sugar in cell cultures was studied as a factor for enhanced growth
and secondary metabolite production [52,53]. Elevated sucrose levels were favor-
able in some cultures [52,54], and the addition of fructose promoted taxol produc-
tion in Taxus spp. cell cultures [48,55].

To date, no optimization studies have been reported on the production of camp-
tothecin in plant cell cultures.
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7.3.4

Immobilization

Although immobilization was originally proposed due to its bioprocessing advan-
tages such as the re-use of expensive biomass and easier downstream processing,
experimental evidence indicates that it may also have an impact on cell physiology
and the production of secondary metabolites. The immobilization of plant cells of-
ten results in increased secondary metabolite production, most likely due to im-
proved cell–cell adhesion and eventual aggregation.

Immobilization of P. hexandrum cells using calcium alginate in combination
with precursor feeding of l-phenylalanine and l-tyrosine was attempted, but no
improvement was obtained in the accumulation of podophyllotoxin, possibly be-
cause the stress environment [56].

Paclitaxel in the callus of T. cuspidata was detected at a level of 0.02 ± 0.005% (dry
weight) after two months in culture. Suspension cultures of T. cuspidata were also
established from the callus cultures and subsequently immobilized onto glass-fi-
ber mats. The cells were maintained as immobilized cultures for six months, dur-
ing which time the level of paclitaxel within the cells reached 0.012±0.007% of dry
weight [57].

7.3.5

Feeding of Precursors

The addition of precursors to the media in order to direct metabolic flux towards
enhanced production of the desired products represents an interesting approach to
exploit the biosynthetic potential of the enzymes present in plant cell cultures.

The addition of coniferyl alcohol complexed with â-cyclodextrin to P. hexandrum
cell suspension cultures increased the concentration of podophyllotoxin fourfold,
to 0.013% on a dry weight basis. Noncomplexed coniferyl alcohol, suspended in
the medium, also enhanced podophyllotoxin production, albeit to a lower degree
[17]. Coniferin, the â-d-glucoside of coniferyl alcohol, was found to be a more po-
tent precursor in terms of yield of the anticancer compound (0.055%), but is not
available commercially [17]. Various phenylpropanoid precursors (phenylalanine,
tyrosine, cinnamic acid, caffeic acid, coumaric acid, ferrulic acid, coniferyl alcohol,
coniferin, etc.) were utilized in cell cultivation for the improvement of podophyllo-
toxin levels in P. hexandrum cell cultures. Of these, only coniferin at a concentra-
tion of 2.1 mM was able significantly to increase podophyllotoxin accumulation on
the tenth day of cultivation, by a factor of 12.8. However, most of the coniferin was
transformed into unknown products [17,56]. Application of the amino acid, l-
phenylalanine, to cell cultures of Linum flavum resulted in a three- to fivefold in-
crease in levels of 6-methoxypodophyllotoxin [58]. Co-cultured hairy roots of Linum
flavum and Podophyllum hexandrum suspensions resulted in increased podophyllo-
toxin concentrations by 240% in shake flasks, and by 72% in a dual bioreactor, as
compared to P. hexandrum suspension cultured alone. The coniferin provided by
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L. flavum hairy roots acted as a precursor for the production of podophyllotoxin by
P. hexandrum suspension cultures [40].

Improved paclitaxel yields in both callus and cell suspension cultures of T. cus-
pidata were observed following the feeding of phenylalanine and other potential
paclitaxel side-chain precursors such as benzoic acid and N-benzoylglycine. This
might be related to the possible roles of phenylalanine and other compounds in the
biosynthesis of the N-benzoylphenylisoserine paclitaxel side chain [19]. In suspen-
sion cultures of T. chinensis, a combination of an initial low sucrose concentration
(20 g L–1) and fed-batch mode improved both cell growth and taxane production
[59]. A high level of paclitaxel production (26 mg L–1) was achieved through inter-
mittent feeding of 3%, 1%, and 2% sucrose on days 0, 7, and 21, respectively, while
intermittent feeding of 1% and 2% maltose to the T. chinesis cultures on days 7 and
21 increased paclitaxel production to 67 mg L–1 [49]. A combination of sucrose
feeding and dissolved O2 tension control might represent a means of maximizing
paclitaxel production [60].

Precursors such as phenylalanine, benzoic acid, serine and benzoylglycine were
reported to increase the accumulation of paclitaxel in callus cultures of T. cuspida-
ta [19,61,62]. In one study of in-vitro production of radiolabeled taxol by pacific yew,
phenylalanine and leucine were shown to be the best precursors among the vari-
ous compounds tested [63]. Feeding of acetate also enhanced the formation of tax-
ol-like metabolites [23]. The addition of precursors such as sodium benzoate, hip-
puric acid, leucine and phenylalanine to cell cultures of T. wallachiana significant-
ly improved the production of paclitaxel, baccatin, and 10-deacetyl baccatin [64].

Precursor studies using tryptamine and loganin (combined), secologanin and
strictosidine were performed in C. accuminata cultures; feeding with strictosidine
showed the precursor to be easily biotransformed by two enzymes (i.e., a hydroxy-
lase and a dehydrogenase) to hydroxystrictosidine and didehydrostrictosidine, but
camptothecin was never detected [65].

7.3.6

Elicitors

Elicitation is the induction of secondary metabolite production by molecules or
treatments known as “elicitors”. Elicitation is used to induce the expression of
genes often associated with the enzymes responsible for synthesis of secondary
metabolites by mimicking the pathogen defense or wound response in plants.

Attempts have been made to increase the accumulation of aryltetralin lignans in
Linum spp. cultures by inducing a hypersensitive defense reaction with a variety of
elicitors. However, nigeran, Phytophthora megasperma cell wall fractions, methyl
jasmonate, hydrogen peroxide and salicylic acid were not found significantly to in-
crease lignan accumulation in Linum spp. [66]. The addition of methyl jasmonate
to cell cultures of Forsythia intermedia resulted in three- and sevenfold accumula-
tions of the lignans, pinoresinol and matairesinol, predominantly as glucosides
[67]. The effect of adding methyl jasmonate to various cell lines in suspension cul-
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ture of Linum album has also been studied, with a twofold increase in podophyllo-
toxin (7.69±1.45 mg g–1 dry weight) and 6-methoxypodophyllotoxin (1.11±
0.09 mg g–1 dry weight) being achieved as maximum in one of the cell lines [68].
The effect of yeast extract and abiotic elicitors (Ag2+, Pb2+ and Cd2+) was also stud-
ied on podophyllotoxin production in L. album suspension cultures, though only
Ag2+ at 1 mM concentration was found to enhance production up to 0.24 mg g–1

cell dry weight [69].
It has been found that oxidative stress caused by treatment with a fungal elicitor

leads to cell apoptosis and low paclitaxel production [70–72]. Methyl jasmonate
treatment led to large improvements in both cost and efficiency over the use of un-
defined fungal extracts; 100 pM methyl jasmonate increased the paclitaxel level
from 28 to 110 mg L–1 in a T. media cell line, and from 0.4 to 48 mg L–1 in T. bacca-
ta [26]. Other groups have reported similar effects of methyl jasmonate in cell cul-
tures of T. cuspidata [73], T. canadensis and T. cuspidata [74] and T. media [75]. Sig-
nificant enhancement of taxoid production by repeated elicitation using methyl
jasmonate in bioreactor cell cultures of T. chinensis has also been reported [48]. Ab-
iotic elicitors – especially the salts of some heavy metals such as lanthanum, ceri-
um, and silver – were also effective in inducing paclitaxel production in plant cell
cultures, generally resulting in several-fold increases in taxoid production [76,77].

The addition of cell extracts and culture filtrates of Penicillium minioluteum, Bot-
rytis cinerea, Verticillium dahliae, and Gilocladium deliqucescens on the day 10 after
transferring Taxus sp. cell suspensions into an induction medium improved taxoid
production [78]. Enhanced paclitaxel production in a T. chinensis cell culture by a
combination of fungal elicitation and medium renewal was also reported [79].
T. chinensis culture treated with 50 mg L–1 of a fungal elicitor with 50 mg L–1 sali-
cylic acid not only gained more biomass than was the case with treatment by the
elicitor alone, but also achieved higher paclitaxel production [80]. A higher level of
paclitaxel (3.4 mg L–1) was obtained when ethylene was added at a concentration of
5 ppm in the presence of 10 pM methyl jasmonate compared with treatment sole-
ly by 10 pM methyl jasmonate in suspension cultures of T. cuspidata [50]. In T. chi-
nensis cells, conditioned medium addition combined with methyl jasmonate
(100 pM) elicitation enhanced Taxuyunnanine C productivity in bioreactors by
about 30% (from 9.2±0.9 to 11.8±0.9 mg L–1 day–1) compared with methyl jasmo-
nate elicitation alone [48]. Furthermore, it was shown that Taxuyunnanine C pro-
ductivity could be increased by combining elicitation, sucrose feeding, and ethy-
lene incorporation in bioreactors [81].

Taxus suspension cultures were elicited with cell extracts and culture filtrates of
four different fungi and arachidonic acid [78]. Interestingly, a preferential increase
in paclitaxel over other taxanes was achieved by arachidonic acid [78] and by the ad-
dition of methyl jasmonate [26]. Membrane-lipid peroxidation caused by fungal
elicitor (F5), prepared from fungus isolated from the inner bark of T. chinensis, was
decreased by the addition of salicylic acid, even if the latter also induced cell mem-
brane-lipid peroxidation. F5 +salicylic acid also improved the activity of glucose-6-
phosphate dehydrogenase compared to single F5 treatment, and achieved the
greatest taxol production of 11.5 mg L–1, this being 1.5-, 2.3- and 7.5-fold higher
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than that of F5, salicylic acid and the control [80]. The Fusarium oxysporum select-
ed from seven species was found to be the most effective inducer of taxane accu-
mulation. Suspension-cultured Taxus chinesis var. mairei Y901-L responded to
crude elicitors from the fungus Fusarium oxysporum by influencing the general
phenylpropanoid pathway and incorporating taxol synthesis. The maximum taxol
concentration was eightfold that of controls, and increased amounts of phenolics
were observed in the culture medium [71]. A two-stage culture for cell suspension
was carried out with addition of methyl jasmonate (220 µg g–1 fresh weight) as elic-
itor in combination with mevalonate (0.38 mM) and N-benzoylglycine (0.2 mM) as
precursors. An approximately tenfold enhancement in taxol (21.12 mg L–1) and 20-
fold enhancement in baccatin III (56.03 mg L–1) was found in suspension cultures
of Taxus media [82].

Cobalt chloride and silver nitrate have also been reported as elicitors, either
alone or in combination, for the production of taxol in suspension cultures of Tax-
us spp. [71,79,83]. Synergistic enhancement of taxol content was also achieved by a
mixture of ammonium citrate with salicylic acid [72]. Significant improvements in
taxol content were also reported after the use of various elicitors such as methyl jas-
monate, fungal elicitor and salicylic acid alone, or in a combination of two
[26,71,84]. Statistical optimization of various precursors and elicitors for paclitaxel
production using Central Composite Design was also reported. A maximum of
54 mg L–1 paclitaxel was produced in T. chinesis cell suspension cultures by adding
10 mg L–1 silver nitrate, 6 mg L–1 abscisic acid, 23 mg L–1 chitosan, 15 mg L–1 phen-
ylalanine, 31 mg L–1 methyl jasmonate, 30 mg L–1 sodium benzoate, and 30 mg L–1

glycine on day 12, together with a feeding solution containing 20 g L–1 sucrose on
day 16; this was twofold higher than paclitaxel production without optimization
[85]. A combined strategy of adding various biotic and abiotic elicitors during dif-
ferent stages of a two-stage cell suspension culture of T. baccata led to a 16-fold in-
crease in taxol production (39.5 mg L–1) than untreated cultures in B5 medium
[86].

7.3.7

In-Situ Product Removal Strategies

Strategies such as permeabilization using solvents and the addition of adsorbants
to cell cultures have been used to increase secondary metabolite production. The
advantages of using these strategies include the stimulation of the secondary me-
tabolite biosynthesis and the easy separation of products.

A combination of 0.5% isopropanol and coniferin led to an accumulation of to-
tal extracellular podophyllotoxin of 12 mg L–1 due to partial release of intracellular
product. A concentration of isopropanol exceeding 0.5% led to a reduction in dry
cell weight of P. hexandrum, indicating a destructive effect of isopropanol on the
cells [56].

The effects of adsorbent addition on the production of taxol and taxane com-
pounds were investigated in Taxus cuspidata cell culture. As a suitable adsorbent,
the non-ionic exchange resin XAD-4 (among several adsorbents tested) showed a
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maximum adsorptive capacity for taxol, due to hydrophobic interaction between
them. The addition of XAD resin to the culture medium on day 16 after subculture
enhanced taxol biosynthesis by 40–70% [87].

7.3.8

Biotransformation Studies

Plant enzymes are able to catalyze both regiospecific and stereospecific reactions.
Thus, freely suspended and immobilized plant cells, as well as enzyme prepara-
tions, can be used for the production of pharmaceuticals by biotransformation, as
such or in combination with chemical synthases.

The microbial transformation of deoxypodophyllotoxin to epipodophyllotoxin
(a parent compound of etoposide) by Penicillium sp. has been reported whereas,
in contrast, Aspergillus niger sp. transformed deoxypodophyllotoxin to podophyllo-
toxin [88]. The incubation of dibenzylbutanolides with cell-free extracts of C. roseus
yielded an enzyme-catalyzed oxidative coupling of these compounds to picro-
podophyllotoxin analogues [89]. Four cyclodextrins – â-cyclodextrin, ã-cyclodextrin,
dimethyl-â-cyclodextrin and hydroxypropyl-â-cyclodextrin – were investigated 
for the glucosylation of podophyllotoxin. A maximal bioconversion rate of
0.51 mmol L–1 day–1 was achieved with dimethyl-â-cyclodextrin complex at a final
concentration of 1.35 mM in L. flavum cell suspension cultures [90]. A semi-contin-
uous process for the biotransformation of butanolide to 4’-demethylepipodophyllo-
toxin at the multigram level by P. peltatum cell suspension cultures was also report-
ed [91]. A synthetic dibenzylbutanolide was shown to be biotransformed into com-
plex podophyllotoxin analogues by shoot cultures of Hallophyllum patavinum [92].
At low concentration (0.1 mM), deoxypodophyllotoxin was converted to 6-methyl
podophyllotoxin-7-O-glycoside, 6-methyl podophyllotoxin, and traces of α-peltatin
and podophyllotoxin in L. album cultures [93].

The bioconversion of taxol/cephalomannine by Streptomyces sp. MA 7065 result-
ed in hydroxylation on the 10-acetyl methyl group with 60% yield, and on the ben-
zene ring at the para position of the phenylisoserine side chain with 10% yield [94].
The incubation of Eucalyptus perriniana cells in medium containing paclitaxel led
to the isolation of three taxoid derivatives, which were subsequently identified by
1H NMR and mass spectrometry as baccatin III, 10-deacetyl baccatin III, and 2-
benzoyltaxol [95]. Similar results were also reported with E. citridora cell cultures
[96].

7.3.9

Bioreactor and Scale-Up Studies

The environment in which plant cells grow usually changes when cultures are
scaled-up from shake flasks to bioreactors, and this may result in reduced produc-
tivity. With the ultimate aim of implementing an industrial-scale process, the be-
havior of cell cultures in bioreactors has received much attention.
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Submerged batch and fed-batch cultivation of Podophyllum hexandrum cells for
podophyllotoxin production studied in a 3-L stirred-tank bioreactor. A 36% in-
crease in volumetric productivity of podophyllotoxin was achieved in fed-batch cul-
tivation of P. hexandrum cells over batch cultivation in a stirred-tank bioreactor [46,
97, 98]. Continuous cultivation of P. hexandrum with cell retention was also carried
out in a 3-L bioreactor equipped with a spin filter mounted on the agitator shaft of
the bioreactor. The result was an accumulation of 53 g L–1 biomass and 48.8 mg L–1

podophyllotoxin, with volumetric productivity of 0.8 mg L–1 day–1) [97]. A maximal
product yield of podophyllotoxin, up to 0.2% dry weight, was achieved when Linum
album cell suspensions were cultured in a 20-L bioreactor [99].

Taxus has been cultivated successfully for paclitaxel production in a pneumati-
cally mixed stirred tank [100], and in Wilson-type bioreactors [22]. A continuous
production system for paclitaxel production with a mesh-net cell separator was de-
veloped that increased productivity by a factor of ten compared to batch operation
[101]. Low-temperature treatment not only maintained a stable high taxol produc-
tion but also further enhanced taxol production compared to elicited asynchronous
cultures. This resulted in a highest taxol production of 27 mg L–1, which was ap-
proximately two- and 11-fold higher than in asynchronous cultures and in elicited
asynchronous cultures, respectively. Taxol production in a stirred bioreactor
proved to be less than that in shake flasks [70].

Cell cultures of T. chinensis, when cultivated in a novel low-shear centrifugal im-
peller bioreactor (CIB), had a shorter lag phase and showed less cell adhesion to the
reactor wall compared to a conventional cell-lift bioreactor [102, 103]. Pneumatical-
ly agitated bubble columns and airlift reactors have been more widely used for tax-
oid production than stirred-tank reactors [100]. Suspension cultures of Taxus bac-
cata var. fastigiata and Taxus wallichiana were reported to grow in a 20-L airlift bio-
reactor operating in batch mode [104]. In cell cultures of T. cuspidata, a balloon-
type bubble reactor was claimed to be more efficient in promoting cell growth than
a bubble-column reactor (BCR), a BCR with a split-plate internal loop, a BCR with
a concentric draught-tube internal loop, a BCR with a fluidized bed, and two differ-
ent models of stirred-tank reactors. The cell growth pattern in pilot-scale balloon-
type bubble reactors (100–500 L) was the same as that in smaller bioreactors (20 L)
[105]. However, this study seemed not to have noted whether the inner structure of
such reactors could affect reactor performance [106]. When cell cultures of T. chi-
nensis were transferred from shake flasks to bioreactors, taxol production was
greatly reduced [107]. However, the incorporation of 18 ppm ethylene into the inlet
air of a BCR caused the taxuyunnanine C content and volumetric production in the
reactor to recover to maximum values of 13.28 mg g–1 dry weight and 163.7 mg L–1,
respectively, which were very similar to values obtained in shake flasks. Using a
low-shear CIB, the quantitative effects of mixing time on suspension cultures of
T. chinensis were demonstrated, and the favorable effect of more rapid mixing on
taxol production was confirmed [108].

To date, no studies on camptothecin production by plant cell cultures in bioreac-
tors have been reported; hence, this represents an important area for future re-
search.
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7.3.10

Biosynthetic Pathway Mapping and Metabolic Engineering

In order to develop an improved biological process, it is desirable to understand the
biosynthetic pathway to produce the required product, the enzymes catalyzing
those sequences of reactions (especially the rate-limiting steps), and the genes en-
coding these enzymes. In this respect, a molecular understanding for complete
knowledge of the biosynthesis of secondary metabolites is necessary. Multipoint
metabolic engineering by overexpression of the enzymes required for synthesis of
the desired product and/or down-regulation of the genes leading to undesired or
side products would greatly help in improving the production of these chemother-
apeutics.

In the very early biosynthetic studies, radiolabeled precursors were fed to whole
plants, but more recently plant cell cultures fed with stable isotope-labeled precur-
sors have been used as the preferred model system. This allows analyses to be per-
formed of labeled metabolites using advanced methods such as nuclear magnetic
resonance (NMR) and mass spectrometry. The final step in the analysis of biosyn-
thetic pathways is the identification of enzymes catalyzing individual bioconver-
sions in cell-free systems, and of the genes coding for these enzymes.

7.3.10.1 Biosynthesis of Podophyllotoxin
The biosynthesis of podophyllotoxin in Linum album is not yet known completely,
but is thought to be similar to that in Forsythia intermedia, Podophyllum peltatum,
and Linum flavum [109]. The initial step of this biosynthesis is the dirigent protein-
mediated formation of (+)-pinoresinol from two molecules of coniferyl alcohol. 
(+)-Pinoresinol serves as a substrate for an NADPH-dependent pinoresinol-larici-
resinol reductase, which sequentially converts (+)-pinoresinol into (+)-lariciresinol
and (–)-secoisolariciresinol. The latter is dehydrogenated into (–)-matairesinol by
NAD-dependent secoisolariciresinol dehydrogenase. The subsequent pathway
from (–)-matairesinol to either 6-methoxypodophyllotoxin (L. flavum) or podophyl-
lotoxin (L. album) is still under investigation. The detailed biosynthetic pathway for
podophyllotoxin production is illustrated in Figure 7.4.

Extensive studies have been carried out on the isolation and overexpression of
genes involved in the biosynthesis of podophyllotoxin, but the alternative pathways
for different metabolic fates of lignans in complex biosynthesis are still unknown.
The important enzymes involved in biosynthesis of podophyllotoxin and their
functions are listed in Table 7.8.

A 1207-bp cDNA of cinnamoyl-CoA reductase (CCR) encoding a polypeptide of
344 amino acids with a predicted molecular mass of 37.4 kDa was isolated from a
ryegrass (Lolium perenne) stem cDNA library [110]. A cDNA encoding CCR was iso-
lated from a cDNA library of Linum album [111], while a PCR screening method
was used to obtain laccase-gene-specific sequences from the white-rot fungus Tra-
metes sanguinea MU-2. The kc1 cDNA was inserted into yeast vectors for heterolo-
gous expression by Saccharomyces cerevisiae and Pichia pastoris [112]. The molecu-
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lar cloning and characterization of a Eucalyptus globulus genomic fragment encod-
ing cinnamyl alcohol dehydrogenase (CAD) and isolation of the corresponding
full-length cDNA from young stem material has already been reported [113]. Two
cDNA full-length clones probably encoding the phenylalanine ammonia lyase
(PAL) were isolated from a cDNA library of Linum album [114]. The enzymes PAL,
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Fig. 7.4 Biosynthesis of podophyllotoxin (solid lines indicate single-step
reactions; broken lines indicate multistep reactions).
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Table 7.8 Enzymes involved (and function) in the biosynthesis of podophyllotoxin.

Serial Enzyme involved Function Refer- 
no. ence(s)

1 3-deoxy-d-arabino- Key point of regulation of the shikimate  
heptulosonate 7- phosphate pathway, involved in DAHP synthesis 177
synthase (DAHPS)

2 Chorismate synthase (CS) Elimination of phosphate from EPSP to 177 
form chorismate, and introduces the 
second double bond towards aromatization

3 Phenylalanine ammonia Connects the primary metabolism with the 178 
lyase (PAL) secondary metabolism by catalyzing the 

entry point reaction from phenylalanine 
to trans-cinnamic acid.

4 4-Hydroxycinnamate:CoA Attachment of CoA to hydroxycinnamic 179
ligase acid

5 Cinnamoyl-CoA reductase Conversion of cinnamoyl-CoAs into their 180  
(CCR) corresponding cinnamaldehydes

6 S-Adenosyl-l- methionine: Transfer of a methyl group from 117
caffeic acid methyl S-adenosyl-l-methionine to the 3- hydroxyl 
transferase group of caffeic acid to form ferrulic acid; 

also catalyzes the methylation of 5-hydroxy 
ferrulic acid to sinnapic acid 

7 Cinnamoyl alcohol Reducing the cinnamyl aldehydes 113 
dehydrogenase (CAD) (para-coumaryl, coniferyl and sinapyl 

aldehydes) to the corresponding alcohols 
in the presence of NADPH

8 Caffeic acid 3-O- Methylation of caffeoylaldehyde to sinapyl 116 
methyltransferase (COMT) alcohol formation

9 Caffeoyl CoA 3-O- 3-O-methylation of caffeoyl CoA 116
methyltransferase 
(CCoAOMT)

10 Pinoresinol synthase Stereo-specific phenoxy free-radical 109
coupling reaction for pinoresinol synthesis

11 Pinoresinol-lariciresinol NADPH-dependent enzyme which 116  
reductase sequentially converts (+)-pinoresinol into 

(+)-lariciresinol and (–)-secoisolariciresinol

12 Secoisolariciresinol Dehydrogenation of secoisolariciresinol 116 
dehydrogenase into (–)-matairesinol via intermediate lactol

13 Cytochrome P450- Hydroxylation of deoxypodophyllotoxin 179 
dependent monooxygenase (DOP) at the 5 position

14 Deoxypodophyllotoxin 7- Conversion of deoxypodophyllotoxin to 181 
hydroxylase podophyllotoxin

15 Deoxypodophyllotoxin Conversion of deoxypodophyllotoxin to 82, 183  
6-hydroxylase â-peltatin

16 SAM: â-peltatin 6-O methyl Transfers a methyl group from S-adenosyl- 119
transferase l-methionine to the only free OH-group of 

â-peltatin in position 6 thus forming 
â-peltatin-A methylether

17 â-peltatin-A methylether Hydroxylation of â-peltatin-A methylether 183  
7-hydroxylase in position 7 to 6-methoxypodophyllotoxin

18 Laccases Dehydrogenative polymerization of lignin 121



4-hydroxycinnamate: CoA ligase (4CL), cinnamoyl-CoA: NADP oxidoreductase
and CAD were isolated from the cultures of Linum album [115]. Two different
cDNAs with high homologies to known caffeic acid 3-O-methytransferases
(COMTs) were isolated, although a cDNA with homology to caffeoyl CoA 3-O-
methyltransferase (CCoAOMT) has not yet been found [116]. A number of c-DNA
clones encoding S-adenosyl-l-methionine: caffeic acid methyl transferases were
isolated by a heterologous probe screening of ëZapII c-DNA library constructed
from m-RNA isolated from kinetin-induced suspension cultures of Vanila planifo-
lia [117]. Much of the overall biosynthetic pathway to podophyllotoxin in Podophyl-
lum peltatum and Linum flavum has been established from the dirigent-mediated
coupling of E-coniferyl alcohol and its subsequent conversions to 7-hydroxymatai-
resinol. Bifunctional pinoresinol/lariciresinol reductase genes were also isolated
and cloned in the same study [109].

The ~32-kDa NAD-dependent secoisolariciresinol dehydrogenase gene was iso-
lated from a Forsythia intermedia stem c-DNA library, and a homologous secoisola-
riciresinol dehydrogenase gene was also isolated from a Podophyllum peltatum rhi-
zome cDNA library and expressed in E. coli [118]. S-Adenosyl-l-methionine: â-pel-
tatin 6-O-methyltransferase was isolated and characterized from cell suspension
cultures of Linum nodiflorum L. (Linaceae), a Linum species accumulating aryltet-
ralin lignans such as 6-methoxypodophyllotoxin [119]. Characterization of deoxy-
podophyllotoxin 5-hydroxylase (dop5h), a cytochrome p450-dependent enzyme in
lignan biosynthesis of Linum species cell cultures producing 5-methoxypodophyl-
lotoxin (5-MPT), has been reported [120]. Five different laccase-encoding cDNA se-
quences were identified from ryegrass (Lolium perenne), four from the stem and
one from meristematic tissue [121]. The down-regulation of cinnamoyl-CoA:
NADP CCR in lignin biosynthesis leads to the reduction of lignin content [122].

7.3.10.2 Biosynthesis of Paclitaxel
The diterpenoid skeleton of paclitaxel was shown [123] to be derived via the meval-
onate-independent (1-deoxy-d-xylulose-5-phosphate) pathway [124–126], The com-
mitted step in the biosynthesis of paclitaxel and other taxanes is represented by cy-
clization of the universal diterpenoid precursor geranylgeranyl diphosphate to
taxa-4 (5), 11(12)-diene [127]. This slow (but apparently not rate-limiting) reaction
is catalyzed by taxadiene synthase [128]. The second specific step in taxane biosyn-
thesis is considered to be the cytochrome P450-dependent hydroxylation at the C-5
position of the taxane ring, which is accomplished by allylic rearrangement of the
4(5) double bond to the 4(20) position to yield taxa-4(20),11(12)-diene-5α-ol
[129,130]. The taxadien-5α-ol-O-acetyltransferase likely represents the third specif-
ic step of the taxol biosynthetic pathway, and is responsible for generating the
4(20)-en-5α-acetoxy functional grouping that ultimately gives rise to the oxetane
ring. Previous evaluations of the relative abundances of naturally occurring tax-
anes [131–133] have suggested that hydroxylations at positions C-5, C-10, C-9, and
C-2 represent early steps of the paclitaxel pathway, which precede hydroxylation at
C-13; and hydroxylation at the C-1 and C-7 positions of the taxane ring are consid-
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ered to represent relatively late steps in paclitaxel biosynthesis. Such acylation re-
actions appear to occur early, as well as late, in the paclitaxel pathway. Acetylation
at the C-5 hydroxyl group of the taxane core represents an early step in the biosyn-
thesis of paclitaxel, whereas acetylation at the C-10 hydroxyl and benzoylation at
the C-2 hydroxyl represent later-stage transformations. As order of the oxygenation
reactions of taxol biosynthesis, the precise sequence of the acylation reactions and
timing of the epoxidation and ring expansion steps are not yet fully defined, and
several routes to taxol synthesis may be possible. Hence, this remains an area for
future exploration.

A detailed biogenesis of paclitaxel in plants is provided in Figure 7.5, and the en-
zymes involved in various steps of pathway, and their functions, are listed in Table 7.9.
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A homology-based PCR cloning strategy led to the isolation of a cDNA encoding
taxadiene synthase from T. brevifolia [134]. A cytochrome P450-specific differential
display of the mRNA-PCR method and a PCR-based homology-cloning strategy led
to the isolation of full-length cytochrome P450 cDNA from T. cuspidata [135–137].
More recent studies employing the baculovirus–insect cell expression system iden-
tified a second cytochrome P450 cDNA clone capable of hydroxylating taxadien-5α-
ol at the C-13 position [137]. cDNA clones encoding all three of these taxane O-acyl-
transferases have been identified. The taxadien-5α-ol-O-acetyltransferase cDNA
clone was obtained by a reverse genetic approach, based upon partial amino acid
sequences derived from the corresponding purified protein [138–140]. The cDNAs
encoding the 10-deacetylbaccatin-III-10â-O-acetyltransferase and the taxane-2α-O-
benzoyltransferase were identified by a homology-based PCR cloning strategy
[139–141]. A method for the heterologous overexpression of cDNA encoding taxa-
diene synthase in E. coli using thioredoxin fusion expression system, which in-
creases the solubility of expressed protein, is described in Chapter 13.

7.3.10.3 Biosynthesis of Camptothecin
Camptothecin, which is structurally grouped in the quinoline alkaloids, is bioge-
netically a modified monoterpenoid indole alkaloid (TIA). The common interme-
diate, from which a variety of TIAs are formed, is strictosidine; this is formed by
the condensation of tryptamine with the iridoid glucoside, secologanin [142]. This
condensation is catalyzed by strictosidine synthase (STR) [143, 144]. The detailed
pathway for the first part of the biosynthesis leading to strictosidine was discussed
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Table 7.9 Enzymes involved (and their functions) in the biosynthesis of taxol.

Serial Enzyme involved Function Refer- 
no. ence(s)

1 Taxadiene synthase Cyclization of the universal diterpenoid 127 
precursor geranylgeranyl diphosphate to 
taxa-4(5),11(12)-diene

2 Cytochrome P450 Hydroxylation at the C-5 position of the 129, 130
taxadiene 5α-hydroxylase taxane ring, which is accomplished by allylic 

rearrangement of the 4(5) double bond to 
the 4(20) position to yield taxa-4(20),11(12)-
diene-5α-ol 

3 Taxa-4(20),11(12)-dien- Responsible for generating the 4(20)-en- 138
5α-o-acetyl transferase 5α-acetoxy functional grouping that 

ultimately gives rise to the oxetane ring

4 Cytochrome P450 Hydroxylation of taxane ring at C-13 position 184 
taxane-13α-hydroxylase

5 Cytochrome P450 taxane- Hydroxylation at the C-10 position 184
10â-hydroxylase
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Fig. 7.6 Biosynthesis of camptothecin (solid lines indicate single-step
reactions; broken lines indicate multistep reactions).



earlier [145]. Subsequent intramolecular cyclization of strictosidine yields strictos-
amide; a penultimate precursor of camptothecin formation in C. acuminata is also
reported [146]. As an alternative pathway from strictosidine, a variety of TIAs are
derived from deglucosylated strictosidine, and the resulting reactive dialdehyde
produces different types of TIAs, such as cathenamine in Catharanthus roseus
[147]. The iridoid section of the pathway has still not been completely elucidated,
but details of the biogenetic pathway for camptothecin production are provided in
Figure 7.6, with details of the enzymes involved listed in Table 7.10.

Tryptophan decarboxylase (TDC) [145,148] and strictosidine synthase (STR)
[145,149] have been studied extensively. TDC channels tryptophan from primary
metabolism into the terpenoid indole alkaloid pathway, while STR couples trypta-
mine with secologanin, a product of the iridoid pathway. Both enzymes have been
overexpressed in a number of plants and plant cells [150–154]. Expression of TDC
and STR was coordinately regulated by elicitation, with jasmonate being the inter-
mediate signal required, indicating that common regulators control these genes
[155–158]. The cloning and characterization of cDNAs encoding STR (OpSTR) and
TDC (OpTDC) – two key enzymes in the biosynthesis of monoterpenoid indole al-
kaloids from hairy roots of O. pumila – has already been carried out, and the cDNA
coding for NADPH: cytochrome P450 reductase (OpCPR) – which is presumed to
be indirectly involved in camptothecin synthesis – has also been isolated [159].
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Table 7.10 Enzymes involved (and their function) in the biosynthesis of camptothecin.

Serial Enzyme involved Function Refer- 
no. ence(s)

1 Tryptophan decarboxylase Channels tryptophan from primary 145, 148 
metabolism into terpenoid indole alkaloid 
pathway

2 Geraniol 10 hydroxylase Hydrolysis of geraniol at 10th carbon 185

3 Primary alcohol Conversion of 10-hydroxygeraniol to 185 
dehydrogenase 10-oxogeranial

4 Cyclases Cyclization of oxogeranial to irridodial 185

5 Loganic acid methyl Conversion of loganic acid to loganin 185
transferase

6 Secologanin synthase Formation of secologanin from loganin 185

7 Stroctisidine synthase Condensation of tryptamine and secologanin 143, 144 
to yield stroctisidine

8 Stroctosamide synthase Intramolecular recyclization of stroctisidine 146
to yield stroctosamide

9 NADPH: cytochrome Indirect involvement in camptothecin 159  
P450 reductase biosynthesis



7.4

Future Prospects

Today, natural-product drugs play a dominant role in pharmaceutical care, espe-
cially in the case of antitumor agents. This increased demand for plant-based com-
pounds for medicinal purposes, in association with low product yields and con-
cerns about the destruction of plant-growing areas, has led to great strides being
made in the large-scale production of pharmaceuticals using plant cell cultures. In
this respect, the use of genetic tools has provided a clearer picture of biosynthetic
pathway regulation, of secondary metabolism, and of signal transduction and elic-
itation. Hence, the optimization of production has moved from an empirical ap-
proach towards one of multiple productivity enhancements and synergistic effects.
Ultimately, this approach should lead to significant reductions in the time taken to
achieve optimal production of plant-based drugs at commercially acceptable and
economic levels.

Metabolic engineering is important for the production of phytopharmaceuticals,
and concise knowledge of the biosynthetic pathway and the responsible genes
should allow cell cultures to be bioengineered to provide high and commercially
sustainable production rates. This technology can be applied in two ways. First, the
genes controlling the slow reaction steps can be overexpressed, thus raising pro-
duction of the desired product(s). Second, by using antisense technology, the
amounts of unwanted byproducts can be suppressed. This would result not only in
an improved flux to the desired end product, but also a simplification of down-
stream purification processes. Moreover, pathways could be redirected to produce
novel derivatives with a greater range and potency, and fewer adverse side effects.

Clearly, the successful industrial production of paclitaxel by plant cell cultures
will trigger research into other plant-based chemotherapeutics such as podophyllo-
toxin and camptothecin. Today, the metabolic fate of complexed lignans and de-
tails of multi-branched biosynthesis form the major area of concern for the produc-
tion of chemotherapeutics on a commercial scale. Notably, the production of
camptothecin by plant cell cultures will require much attention.

In conclusion, improvements in bioreactor design, the use of synergism, the de-
velopment of in-situ product removal strategies, and an insight into the mecha-
nisms that regulate the flux of precursors to desired end-products are the focal
points of future research. Thus, the up-regulation of biosynthetic pathways using
regulatory genes, and the development of short bioconversion pathways in mi-
crobes are the two main areas likely to be exploited for the production of plant-
based chemotherapeutics.
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8

In-Vitro Culturing Techniques of Medicinal Plants

Wolfgang Kreis

8.1

Introduction

As early as 1934, it was demonstrated that plant cells and tissues could be cultivat-
ed for long periods of time on appropriate media (Gautheret, 1934; White, 1934).
By including indole-3-acetic acid and vitamins in his media, Gautheret (1934) ex-
tended the culture period of Salix callus to 18 months, and was able to subculture
the tissue aseptically. Later, White (1939) reported the “Potentially Unlimited
Growth of Excised Plant Callus in an Artificial Nutrient”, and found that these cal-
lus cultures basically showed no evidence of differentiation or polarity. Being un-
differentiated, yet capable of unlimited growth, they appeared to satisfy the two
main requirements for a true “tissue culture”. Meanwhile, the initiation of plant
cell and tissue cultures and cultivation of plant cells and tissues in vitro has become
a relatively simple task (see, for example, Murashige, 1974; Allan, 1991). During
the 1970s and 1980s, plant cell suspension culture was regarded as the most appro-
priate means of studying plant secondary metabolism, and as the most suitable
form of plant tissue culture with a view to producing plant secondary metabolites
on a commercial scale. As a consequence, these decades witnessed the establish-
ment of cell suspension cultures from hundreds of plant species, including many
medicinal plants, as well as the development of bioreactor environments suitable
for the cultivation of plant cells and plant organs on a large scale.

Provided that an appropriate phytohormone regime is chosen, plant cells culti-
vated in vitro may undergo coordinated division and development resulting in the
formation of complex structures such as roots, shoots, somatic embryoids, and
finally intact plants. Several textbooks, proceedings, and review articles have
described this topic more comprehensively than is possible in this chapter
(Murashige, 1974; Mantell et al., 1985; Day et al., 1985; Stafford and Warren, 1991;
Payne et al., 1992). Issues that will be detailed in this chapter are summarized in
Table 8.1 and Figure 8.1.
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8.2

Basic Methods and Techniques

8.2.1

Seed Germination In Vitro

Seed germination under axenic conditions is the simplest in-vitro culturing tech-
nique used. Surface-sterilized seeds of almost any plant species can be germinated
on agar-solidified media on which they develop into small sterile plantlets. These
in turn can be used to establish plant tissue cultures, such as callus or organ cul-
tures. Since aggressive chemicals (e.g., hypochlorite or hydrogen peroxide) are
generally used for decontamination, it may be of advantage to treat the rather ro-
bust seeds instead of the much softer explants, such as leaf or stem pieces.
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Table 8.1 In-vitro culturing techniques of medicinal plants.

Basic methods and techniques
Seed germination in vitro Multiple protocorm formation
Embryo culture Embryo rescue
Callus culture Initiation, maintenance
Organogenesis Adventitious shoots, adventitious roots
Haploid technology Anther culture, microspore culture
Somatic embryogenesis Somatic embryoids, artificial seeds

Protoplast technology
Protoplasts Isolation, cultivation, plant regeneration
Somatic hybridization Protoplast fusion, plant regeneration

Special techniques
Gene transfer Agrobacterium-mediated transformation
Germplasm storage Cryopreservation

Permanent in-vitro cultures
Suspension culture Initiation, subculture, scale-up
Root culture Initiation, subculture
Shoot culture Initiation, subculture, rooting, plant regeneration
Bioreactors Cell suspension cultures, root cultures, shoot cultures,

bioreactor design, operation mode 

Methods and techniques related to 
secondary metabolism
Inducing variability Mutation, somaclonal variation
Selection Cell-aggregate cloning, protoplast cloning
Biotransformation Bioconversion
Elicitation Biotic elicitors, abiotic elicitors
Immobilization and permeation Techniques, chemical and physical methods



The method has a broad application in the commercial propagation of orchids
(Sato et al., 1978). Orchids produce tiny seeds in which only a few reserve com-
pounds are stored. In Nature, orchids will not germinate unless infected by a fun-
gus, which feeds the young plants until they are tall enough to produce their own
food. Once the seed has germinated the embryo develops into a spherical proto-
corm that will continue to grow for weeks, months or years, until large enough to
differentiate into an orchid plant. When germinated under sterile conditions (i.e.,
without the fungus) on suitable media, the nutrients provided will substitute for
the fungus and allow the seeds to germinate and grow without it. Sterile seeds are
usually isolated from surface-sterilized immature capsules; this procedure has the
advantage that the seeds themselves have not to be sterilized. Another advantage of
using unripe seeds is that they may germinate more quickly than mature seeds,
since seed dormancy can be overcome. However, protocorm formation may also be
significantly lower in immature seeds than in mature seeds (e.g., Kitsaki et al.
2004). When germinated in vitro, the developing protocorm will form additional
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Fig. 8.1 In-vitro culture techniques exploited in plant breeding, preservation
and propagation, as well as techniques used in the production of secondary
metabolites.



protocorm-like bodies (multiple protocorm formation). The tendency toward the
formation of such structures can be influenced by suitable additions to the nursing
medium. Each protocorm-like structure will develop into an orchid plantlet. With
in-vitro germination large numbers of seedlings can be raised in a relatively short
time. As a rule, the young plants transferred to the greenhouse are infected with-
out any further assistance with “their” fungus so that the endomycorrhiza neces-
sary for further plant development will be established. Seed germination in vitro is
not only used for the propagation of known orchids but can also be employed for
the breeding of hybrid plants and their subsequent preservation and propagation.

8.2.2

Embryo Culture

Embryos can be isolated from seeds and cultivated under axenic conditions in vitro
(Sharma et al., 1996). Grain fruits contain relatively large embryos which can be
isolated quite easily, but if the embryos are too tiny to be prepared safely, the com-
plete ovule can be isolated instead. The composition of culture media on which iso-
lated embryos will develop is a problematic issue, and requires much experimental
effort; however, if the respective demands are met, then regeneration to intact
plants is easily achieved.

By applying the embryo culture technique, it is possible to shorten generation
times by breaking seed dormancy. Moreover, embryos present in seeds obtained
from sexual crossings that are not able to germinate can be “rescued” and stimu-
lated to develop. Embryos can even be prepared from one seed and then transplant-
ed into the endosperm of a “nurse” seed which, together with the nutrients added
to the culture medium, supports further development of the embryo. Actually, the
development of various Triticale cultivars, the first “synthetic” cereals, would not
have been possible without the embryo rescue technique. Embryo rescue thus
holds great promise, especially for obtaining plants from inherently weak embryos
and for shortening the breeding cycle.

8.2.3

Callus Culture

The cell material described in early reports on plant cell and tissue culture is
known as callus, and is initiated by removing explants (e.g., pieces of stem, leaf or
root) from the whole plant or plants already kept in vitro. Except for those cases
where axenic material is used, the respective explants are surface-sterilized and
placed on agar-solidified nutrient media. The “wound callus” formed at sites of tis-
sue injury can easily be removed from the initial explant, and its further develop-
ment can be controlled by exogenous phytohormones or synthetic growth regula-
tors (Fig. 8.2). During prolonged culture in vitro cells may achieve hormone aut-
onomy, and often be distinguished as either cytokinin or auxin autotrophic, or
completely hormone autotrophic. This phenomenon is called “hormone habitua-
tion” (White, 1951), and has been reported in cultures of several species. Hormone
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habituation is reversible in some cases, and hence epigenetic rather than genetic
changes may be responsible.

Plant cell culture media are composed of many different compounds, including
inorganic macronutrients (salts of N, P, S, K, Na, Ca, Mg) and micronutrients (salts
of e.g., I, Ni, Fe, Cu, B, Mn, Co), as well as vitamins and a carbohydrate source
(usually 2–5% sucrose). The most common media for plant cell culture are those
devised by Murashige and Skoog (1962), Gamborg et al. (1968), Schenk and Hilde-
brandt (1972), and White (1934).

Plant cell culture media support the growth of microbial cells, and therefore any
contamination must be avoided in order to provide an aseptic environment. The
standard sterilization techniques that are used in microbiology can be applied.
Usually, plant cells and tissues are handled under laminar flow in suitable cabi-
nets. Culture media are autoclaved (121 °C, 15 min), while thermolabile com-
pounds (e.g., phytohormones) can be filter-sterilized and then added to the auto-
claved media. Various types of vessels are used for cell line preservation and sub-
cultivation, for example disposable, sterile Petri dishes, tubes or Erlenmeyer flasks.
Glass flasks and tubes may be sealed with foam or cotton bungs, while metal caps,
aluminum foil or sterile clingwrap are used to cover the vessels to avoid them be-
coming contaminated.

Once established, individual callus isolates can be subcultivated over decades;
typically, subculture periods range from three to six weeks. The callus must not be
supposed to be homogeneous and composed of identical cells, and therefore sub-
culture is selective. Selection may be either deliberate or unwittingly, but in gener-
al rapidly growing cells are favored. Callus becomes more homogeneous with
time, and heterogeneity can be reduced by using strict subculture protocols. Callus
provides a reliable, self-contained and quite uniform material, and is therefore
suited to the study of biosynthetic problems. However, it cannot be advised as a
system for the production of secondary metabolites because of the slow growth
rates and the lack of suitable bioreactor systems to grow callus on a large scale.
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Fig. 8.2 Initiation of callus cultures and induction of organogenesis.
Morphogenesis can be triggered by changing the phytohormone regime.
(Modified after Kreis, 2003.)



Callus contains meristematic plant cells that are considered as being totipotent –
that is, they may be differentiated and finally regenerated to intact plants. Callus
can therefore be used as a starting material for organ and plant regeneration.

Plant cell cultures are collected and delivered on request. For example, the
DSMZ (German Collection of Microorganisms and Cell Cultures) maintains more
than 700 different plant cell lines from more than 80 different plant families. The
collection contains a large number of cultures derived from plant species contain-
ing secondary metabolites of pharmaceutical importance (http://www.dsmz.de/
plant_cell_lines).

8.2.4

Organogenesis

So-called adventitious roots or shoots are formed when organ development is in-
duced in non-meristematic areas of a given plant tissue. In this process, special-
ized cells (e.g., epidermis cells) may turn meristematic, usually passing through a
short period of callus formation (Fig. 8.3). Those plants which can be propagated
vegetatively are especially susceptible to adventitious organ formation in vitro.
Plant regeneration through multiple adventitious shoot differentiation has been
established in many species (Bajaj, 1991, 1992a,b,c, 1997a,b). Most often, leaf ex-
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Fig. 8.3 Morphogenesis from root, stem or leaf explants via adventitious
organ formation and somatic embryogenesis from embryogenic callus via
somatic embryos.



plants are used and shoot formation is then induced by a suitable phytohormone
treatment. Explants of younger plants usually respond better than older ones, and
herbaceous plants as a rule respond better than woody plants. Adventitious root or
shoot formation can also be induced in other plant organs or in callus. Depending
on the starting material, growth regulators such as benzyladenine, 4-dichlorophe-
noxyacetic acid, indole-3-butyric acid, α-naphthalene acetic acid, 2-isopentenylade-
nine or thidiazuron are added to the basal growth media to induce shoot forma-
tion. Shoots are then propagated and rooted as described for shoot cultures (see be-
low). Changes of light conditions, photoperiod, temperature, and/or reduction of
the nutrients in the culture medium may help to achieve high rooting efficiency.
With some ornamental plants (e.g., geraniums and petunias) adventitious organ
formation is the method of choice for clonal propagation.

Although micropropagation by adventitious shoot proliferation or through mer-
istem culture (see below) may be equally successful, it must be considered that ad-
ventitious propagation systems yield plants that are genetically more variable com-
pared to those obtained via meristem culture. Adventitious organ formation may
also occur in meristematic shoot cultures. A degree of expertise is required to de-
cide whether newly formed shoots arise from true meristematic zones, or whether
they were formed adventitiously (i.e., not at the vegetation tips or zones).

8.2.5

Haploid Technology

Haploid technology is an important tool for plant breeding, and involves the culti-
vation of plant tissue in vitro (Hu and Zeng, 1984; Morrisson and Evans, 1988;
Bajaj, 1990a; Atanassov et al., 1995). The technique allows for a significant time
reduction in the achievement of homozygous breeding lines in crop improvement.
As early as 1953 it was found that anthers of ginkgo developed haploid callus when
cultivated in vitro (Tulecke, 1953), but a further 10 years passed until the first hap-
loid plants (Datura innoxia) were successfully regenerated via anther culture
(Guha and Maheshwari, 1964). Meanwhile, many plants – including medicinal
plants – have been regenerated via anther culture (Jain et al., 1997; Bajaj, 1990a).

Haploids are sporophytes with the chromosome number of gametophytes, and
haploid cells are formed during meiosis. Haploid plant cells are present in the em-
bryo sack (megagametophyte) or the pollen (microgametophyte), and consequent-
ly haploids can be obtained via gynogenesis from cells of the embryo sack, or by an-
drogenesis from pollen. In this way, monohaploid and dihaploid plants can be ob-
tained from diploid and tetraploid plants, respectively. Colchicine can be used to
induce chromosome doubling by inhibiting chromosome segregation during
meiosis, and in this way homozygous cells can be obtained. These may form a re-
generable callus that can be stimulated to develop into homozygous (“dihaploid”)
plants, while haploid callus can be produced via gynogenesis or androgenesis, the
latter method being the preferred one in practice. In androgenesis, two basic tech-
niques can be distinguished, namely anther culture and microspore culture.
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One disadvantage of anther culture is that callus may develop from diploid cells
of the anther wall. Thus, the plants may result from somatic embryogenesis (see
below) or adventitious shoot formation (see above). These then compete with the
haploid plants derived via androgenesis, and must be sorted out by cytogenetic
analysis, cultivating microspores alone, i.e. without adhering diploid anther tissue
will solve this problem. A number of methods have been developed for the prepar-
ation and cultivation of microspores and protocols for the regeneration of haploid
plants thereof. Genetic variation, termed “gametoclonal variation” (Evans et al.,
1984), may occur during the tissue culture phase.

8.2.6

Somatic Embryogenesis

When roots and shoots develop simultaneously and from a common origin, a dif-
ferentiation process is seen that leads to shoot and root formation in a coordinated
manner. This process resembles the development of zygotic embryos, and is
termed “somatic embryogenesis”. The structures formed from callus or suspen-
sion cells are therefore called somatic embryos or, more precisely, somatic em-
bryoids (embryo-like structures). Globular somatic embryoids, which can be main-
tained in culture over long periods of time, can differentiate into heart-shaped and
later torpedo-shaped embryoids (Merkle et al., 1995). The regeneration of properly
developed somatic embryoids to intact plants is quite simple (see Fig. 8.3). For car-
rot – which serves as a model system for studying somatic embryogenesis – it was
calculated that about 50 000 somatic embryoids per liter medium are formed each
day (Ducos et al., 1993). Hence, somatic embryogenesis is regarded as a system of
choice for mass propagation, but for this purpose the process must be synchron-
ized (Osuga and Komamine, 1994). It must also be considered that embryogenic
cell cultures may lose this quality during prolonged cultivation. The advantages of
somatic embryoids include high multiplication rates and the potential for scale-up
in bioreactors (Eeva et al., 2003).

Somatic embryoids can be encapsulated in alginate as single-embryo beads to
produce so-called “artificial seeds” (Redenbaugh et al., 1988; Senaratna, 1992; Ba-
jaj, 1995a; Cervelli and Senaratna, 1995). The quality of artificial seeds depends on
the supply of growth regulators and nutrients. Artificial seeds can be desiccated in
this way, thereby facilitating year-round production, storage, and distribution. The
production of artificial seeds has been reported in many species (Gupta et al.,
1993), with germination rates as high as 30% and 65% being found in alfalfa and
celery, respectively. Somatic embryoids have also been used for the production of
secondary plant metabolites. For example, the torpedo stages of somatic celery em-
bryoids (Apium graveolens) will develop the celery flavor (Al-Abta et al., 1979), while
embryoids of foxglove (Digitalis lanata) are capable of producing cardenolides
(Greidziac et al., 1990), albeit in only small quantities.
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8.3

Protoplast Technology

8.3.1

Protoplasts

Plant cells possess a thick and quite rigid cell wall which is composed of cellulose
and other polysaccharides, such as pectin. In hypertonic solutions, the plasma
membranes of cells contract from their walls, with removal of the wall material re-
leasing large populations of spherical, osmotically fragile structures, termed “pro-
toplasts”. The main objectives in using protoplast isolation and culture techniques
are to:

• regenerate an intact plant from a single cell for proving the concept of totipo-
tency;

• fuse protoplasts of different origin with a view to producing a hybrid cell which
subsequently regenerates into a hybrid plant that cannot be obtained by sexual
crossing (somatic hybridization); and

• obtain cells accessible for genetic manipulation. 

Indeed, many economically important species – including medicinal plants – have
been regenerated via protoplasts (Potrykus et al., 1983; Eriksson, 1985; Davey et al.,
2005).

During recent years the isolation of protoplasts has become routine since, if
chopped plant tissue is treated with pectinase and cellulase, it will release proto-
plasts (Cocking, 1960). Today, mechanical procedures are rarely employed, though
they can be used to isolate the protoplasts of very large cells, or to isolate proto-
plasts used in patch-clamp experiments in order to avoid unwanted changes in
physiological and electrical properties that might result from enzymatic digestion
of the cell wall (Binder et al., 2003). In any case, plasmolysed tissue must be used.
A slightly hypertonic medium during the isolation and cultivation process is man-
datory, as otherwise the protoplasts will burst. When provided with the correct
chemical and physical stimuli, each protoplast is capable (in theory) of regenerat-
ing a new wall and undergoing repeated mitotic division to produce a callus from
which fertile plants may be regenerated.

Isolated protoplasts begin cell wall regeneration almost immediately after their
isolation. To achieve this they require osmotic protection until their new cell walls
can withstand the normal cell turgor, and this is generally provided by the addition
of non-metabolizable sugar alcohols (e.g., mannitol or sorbitol). Protoplasts from
different species, or from different tissues of the same species, may vary in their
nutritional requirements, but guidance is available from the monographs of the
Biotechnology in Agriculture and Forestry series, edited by Y.P.S. Bajaj (e.g., Bajaj,
1994a). There is no universal protocol with regard to medium composition and
physical parameters, however, and many of the protocols developed have been
based on media introduced for plant cell culture. For the culture of protoplasts at
low density, coconut milk (Kao and Michayluk, 1975) may be added to the culture
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medium, and auxins and cytokinins are normally essential for sustained protoplast
growth. Isolated protoplasts may be cultured in liquid medium over semi-solid me-
dium containing so-called “nurse” or “feeder” cells. Nurse cells are located in the
same vessel as the protoplast, separated only by a semi-permeable membrane or
any other device that supports the separation of protoplasts from feeders. Nurse
cells may be from either the same or from different species, and can help overcome
the problem of cell densities that are too low to allow proliferation. The nurse cells
support protoplast growth and division by unknown factors, or via nutrients emit-
ted by the feeder cells and absorbed by the protoplasts. Alternatively, toxic com-
pounds generated during protoplast culture may be adsorbed or sequestered by the
nurse cells.

8.3.2

Somatic Hybridization

Somatic hybrids obtained through the fusion of plant protoplasts have widened the
genetic variability of plants (Bajaj, 1994b; Nagata and Bajaj, 2001). Several groups
have reported the generation of hybrid plants through protoplast fusion, and some
improvements have been described in fusion technology since the early days when
plant protoplasts were fused using the polyethylene glycol (PEG) method (Kao and
Michayluk, 1974). This chemically induced fusion was achieved at high pH (10.5)
in the presence of calcium (10 mM) and PEG (10–50%). However in 1979 it was
found that protoplasts, when held in an appropriate electric field, would fuse to-
gether (Senda et al., 1979), and today electrofusion is the preferred method, main-
ly because membrane damage is reduced and the entire process is much cleaner
and more controllable than PEG-induced fusion (Davey et al., 2005).

Electrofusion is a two-step procedure. In the first step, a non-uniform, alternat-
ing electric field is applied which causes the protoplasts to line up perpendicular to
the electrodes. The protoplasts chain length is influenced by the distance between
the electrodes and the cell density, but ideally the protoplasts agglutinate pair-wise.
In the second step, fusion is induced by a single high-voltage DC pulse. It is
thought that the charge difference between the outside and inside of the plasma
membrane finally crushes the membrane. This causes the electric potential to
break down, whereupon the membrane structure can be reformed, including the
mixing of membranes of agglutinated protoplasts; the result is cell fusion. A num-
ber of recent reports have described the generation of unique plants through so-
matic hybridization by protoplast fusion (Davey et al., 2000, 2005). As with medic-
inal plants, quite extensive hybridization studies have been performed in the So-
lanaceae (Nicotiana, Solanum) and in Mentha. In the latter genus, somatic hybrid-
ization was aimed either at modifying the composition of the oil (Sato et al., 1996),
or at combining essential oil quality with disease resistance (Krasnyanski et al.,
1998).
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8.4

Special Techniques

8.4.1

Gene Transfer

The key tool for genetic transformation with a view towards the design and crea-
tion of engineered plants or plant tissue cultures, is the Ti plasmid of the plant
pathogen Agrobacterium tumefaciens. This bacterium is responsible for crown gall
disease in higher plants, and its Ti plasmid can be used as a natural vector for ge-
netic transformation. This plasmid bears a region termed T-DNA which can be
transferred into the host genome (Chilton et al., 1977). Additional genetic material
can be tailored into the T-DNA, whereas the “disease genes” – which are respon-
sible for the tumor growth of the crown galls – can be either destroyed or removed.

Today, the introduction of genes into plant cells has become routine, and the
available methods include not only the biological approach using A. tumefaciens
but also the physical methods of biolistics (which uses microprojectiles coated with
DNA) or electroporation (which uses a high-voltage electric pulse) to achieve trans-
fection (Hoykaas, 2000; Leech et al., 2000). In the biological approach, only one or
a few copies of T-DNA containing the gene(s) of interest are inserted; in contrast,
the physical methods are generally less tidy but offer certain advantages over con-
ventional Agrobacterium-mediated gene transfer. One such advantage is the pos-
sibility of bypassing Agrobacterium host specificity, which allows a broadening of
the range of transformable plants. In many cases either plantlets cultured in vitro
or isolated protoplasts are used as the targets for genetic transformation.

In-vitro culture usually forms part of the overall transformation protocol, as the
transformed cells must be separated from those non-transformed and regenerated
to viable plants or permanent tissue cultures. In cases where transformed cells 
can be regenerated into whole and fertile plants, cultivars with new traits can be
created.

8.4.2

Germplasm Storage

The maintenance and analysis of hundreds of cell culture lines or organ cultures is
a labor-intensive task, especially when many cell cultures grow quite rapidly and
require transfer to fresh medium almost weekly. In addition, the risk of losing ma-
terial because of microbial contamination, technical or human errors is always
present. Therefore, efforts have been undertaken to develop methods for storing
plant cells in a convenient way, at minimal personnel expense. One means of lim-
iting growth is to reduce the cultivation temperature. Alternatively (or in addition),
growth-retardant chemicals such as phytohormones (abscisic acid) or osmotics
(mannitol) may be added to the culture medium to achieve reduced growth rates.

The deposition of plant tissue at cryogenic temperatures with retention of viabil-
ity (cryopreservation) is another option for long-term storage. Initially, cryopreser-
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vation was driven by the concern for loss of diversity of crops. Highly sophisticated
protocols, including two-stage freezing, vitrification and encapsulation-dehydra-
tion, have been developed (e.g., Withers, 1983; Bajaj, 1995b; Towill and Bajaj,
2002). The main drawback for the broad utilization of cryopreservation in the stor-
age of plant germplasm is the lack of standardized protocols. In particular, cell sus-
pension cultures with a high content of secondary metabolites are still recalcitrant
to cryopreservation, because of the possible autotoxicity of the secondary com-
pounds that accumulate in these cells. During freezing and thawing membranes
may become permeable, such that compounds usually stored in a safe intracellular
location may leak and consequently inhibit metabolic processes. With regard to ge-
netic stability, it has been shown that variety-specific characteristics have not been
changed by storage in liquid nitrogen (Mix-Wagner et al., 2003).

8.5

Permanent In-Vitro Cultures

8.5.1

Cell Suspension Culture

Callus can be submerged in liquid media, where it usually disintegrates into small
cell aggregates; suspension cultures can be established in this way. Real single-cell
suspensions have been reported, but in most cases cell aggregates are eventually
formed. Suspension-cultured plant cells can be maintained in a dedifferentiated
state with rather uncoordinated cell division over long periods of time. With regard
to homogeneity and genetic stability, the same limitations as described for callus
apply, though cells in suspension proliferate more rapidly than callus cells. Growth
can be followed simply by assessing various parameters that are associated either
directly or indirectly with growth, such as cell number, fresh and dry mass, mitotic
index, medium components (e.g., sugar, phosphate), medium conductivity (Allan,
1991), or – non-invasively – by packed cell volume (Blom et al., 1992).

Since plant cell cultures can be cultivated on a large scale in commercial bioreac-
tors they may serve as an alternative source for the production of plant secondary
metabolites (Alfermann and Petersen, 1995; Scragg, 1997; Ramachandra Rao and
Ravishankar, 2002; Vanisree et al., 2004). Arguments scored for this assumption
are that:

• the production will not dependent on geographical, political, and seasonal fac-
tors;

• defined protocols and production systems offer reliable yield and quality; and
• products not known from nature can be produced either de novo or by biotrans-

formation using cheap precursors.

It was supposed that, concomitant with their totipotency, cells cultivated in vitro
should also be capable of producing compounds normally associated with the in-
tact plant. Hence, it was tempting to use plant cells for producing important phy-
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tochemicals with masses of highly productive cells that could be cultivated in the
same way as microorganisms in large bioreactors. However, secondary product
formation may be an integral part of a differentiation program, and a result of dif-
ferential expression of genetic information. It was not too surprising to find that
some important target compounds could not be produced by suspension-cultured
cells. However, a number of plant cell cultures are able to accumulate larger quan-
tities of secondary metabolites than the intact plant (Table 8.2).

In higher plants, certain biochemical traits are only fully developed in specific or-
gans, or during specific developmental stages, and secondary product formation is
often associated with structural differentiation. Product accumulation may be as-
sociated with: (i) the presence of certain cell types; (ii) the presence of certain orga-
nelles; and (iii) the expression and regulation of biosynthetic or catabolic genes.
Therefore, with a view to producing plant secondary metabolites in vitro, it is im-
portant to consider not only suspensions consisting of very small cell aggregates
but also organ cultures, such as root or shoot cultures that can be cultivated on a
large scale.

8.5.2

Root Culture

Root cultures can be established using different approaches. One method is based
on the infection of suitable tissues with Agrobacterium rhizogenes, which recogniz-
es signal molecules (e.g., acetosyringone, α-hydroxy-actosyringone) exuded by sus-
ceptible wounded plant cells and attaches to them. The infection of plants with
A. rhizogenes results in the development of hairy roots at the site of infection. These
developing roots can be removed and transferred several times to fresh antibiotic-
containing medium before a stable axenic hairy root culture can be established.
Usually, hairy roots are fast-growing and require no external supply of growth hor-
mones (Giri and Narasu, 2000). In 1990, Tepfer reported that stable hairy root cul-
tures had been obtained from 116 plant species belonging to 30 dicotyledonous
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Table 8.2 Examples of pharmaceuticals accumulating in plant cell 
cultures in high concentrations.

Plant species Product Yield [% DW]

Salvia officinalis Rosmarinic acid 36.0
Morinda citrifolia Anthraquinones 18.0
Lithospermum erythrorhizon Shikonin 12.4
Thalictrum minus Berberine 10.6
Berberis wilsonae Jatrorrhizin 10.0
Perilla frutescens Anthocyanins 8.9
Dioscorea deltoidea Diosgenin 3.8
Papaver somniferum Sanguinarine 2.5
Catharanthus roseus Serpentine 2.2

DW, dry weight.



families, and today root cultures of this type are used in many laboratories. Root-
derived plant products not produced by cell suspension culture are currently being
reinvestigated for production using the hairy root culture technology (Table 8.3).

Adventitious root formation can be induced in callus by changing the phytohor-
mone balance (see Fig. 8.2), whereafter the roots can be excised and cultivated fur-
ther. Root formation can be triggered back and forth by changing the phytohor-
mone regime. With regard to secondary metabolite formation and accumulation, it
has been shown that some metabolites are produced only at the root culture stage
(Flores et al., 1987). The growth and productivity of transformed and non-trans-
formed root cultures have been compared in several reports, but convincing evi-
dence to support the assumption that transformed roots generally have faster
growth rates or higher production rates than their non-transformed counterparts is
still lacking.
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Table 8.3 Examples of secondary metabolites produced in hairy root 
cultures of medicinal plants.

Plant Product

Artemisia absinthum Essential oils
Artemisia annua Artemisinin
Atropa belladonna Atropine
Cassia obtusifolia Anthraquinones
Catharanthus roseus Indole alkaloids
Centranthus ruber Valepotriates
Cinchona ledgeriana Quinine
Coleus forskohlii Forskolin
Datura stramonium Tropane alkaloids
Digitalis purpurea Cardenolides
Duboisia myoporoides Scopolamine
Echinacea purpurea Alkamides
Fagopyrum esculentum Flavanol
Glycyrrhiza glabra Flavonoids
Hyoscyamus muticus Tropane alkaloids
Hyoscyamus niger Hyoscyamine
Linum flavum Lignans
Lithospermum erythrorhizon Shikonin, benzoquinone
Nicotiana tabacum Nicotine, anatabine
Panax ginseng Saponins
Papaver somniferum Codeine
Rauwolfia serpentina Reserpine
Rubia tinctorum Anthroquinone
Sesamum indicum Naphthoquinone
Solanum laciniatum Steroidal alkaloids
Tanacetum parthenium Sesquiterpene coumarin ether
Trigonella foenum graecum Diosgenin
Valeriana officinalis Valepotriates



Root cultures show a greater genetic stability than suspension cultures. The se-
lection of well-growing cells during subculture and scale-up is unlikely, and hence
productive stability is more reliable than with cell suspension cultures. Root cul-
tures can be cultivated in large vessels and may be regarded as biocatalysts immo-
bilized in their own organic matrix; therefore, the engineering advantages for im-
mobilized cells may apply.

8.5.3

Shoot Culture

Shoot cultures are free of intervening roots and undifferentiated callus. As in the
case of root cultures, shoot cultures may produce secondary metabolites that are
not seen in non-differentiated cultures (Table 8.4). Although anticipated, shoot cul-
tures will not produce all compounds seen in the leaves of intact plants. If the site
of synthesis of a given compound is the root, then it will not appear in cultured
shoots even if the leaves are the sink for these metabolites. Even if the compounds
of interest are produced in a given shoot culture (see Table 8.4), product patterns
and concentrations may differ from those seen in the intact plant.

Shoot cultures can be initiated in several ways (Payne et al., 1992). Typically, they
are initiated from sterile germinated seedlings, but they can also be obtained from
dissected shoot apical meristems (Fig. 8.4) or from stem sections, as well as from
callus. Shoot cultures can be propagated on agar-solidified media or as amphibian
cultures in liquid media. These two types of shoot culture may differ considerably
with respect to their morphology; in particular, the leaves may remain rather small
and rudimentary in amphibian cultures. Since shoot differentiation enables the ex-
pression of several biosynthetic pathways, amphibian cultures may accumulate
lesser quantities of secondary metabolites than shoots cultured on solid media. Cy-
tokinins stimulate shoot growth and are thus added to the culture media, which of-
ten contain reduced levels of some macronutrients (e.g., nitrogen-containing salts)
as compared to cell suspension cultures. Although shoot cultures are photosyn-
thetically active, sugars are usually added to the culture media to boost growth.
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Table 8.4 Examples of secondary metabolites in shoot cultures of medicinal plants.

Plant species Product

Artemisia annua Artemesinin
Atropa belladonna Atropine
Catharanthus roseus Vindoline
Cinchona spp. Vinblastine, quinine
Digitalis lanata Cardenolides
Digitalis purpurea Cardenolides
Picrorrhiza kurroa Kutkin
Stevia rebaudiana Steviosides
Withania somniferum Withanolides
Dicentra pergrina Alkaloids



Shoot cultures are regarded as being genetically more stable than non-differentiat-
ed callus or suspension cultures; this is an important point, as most shoot cultures
have been initiated with a view towards micropropagation (Bajaj, 1991, 1992a,b,c,
1997a,b). Rooting can be achieved when shoots are transferred to agar-solidified
media containing auxins only, with roots generally developing within two weeks.

8.5.4

Bioreactors

The initial studies on the production of a particular natural compound by plant tis-
sue culture are carried out with small tissue samples grown in shake flasks or oth-
er small vessels. Most of the physiological and biochemical experiments designed
to elucidate metabolic pathways can be performed with cells cultured under these
conditions. Since mass cultivation of plant cells has been proposed as an alterna-
tive way for supplying important phytochemicals, it was necessary to develop sys-
tems that would allow plant cells to be cultivated on a large scale (Kreis and Rein-
hard, 1989; Payne et al., 1992; Ramachandra Rao and Ravishankar, 2002). Howev-
er scale-up – that is, the reproduction on a larger scale of a production process de-
veloped on a smaller scale – is not feasible with this type of vessel. Thus, if cultiva-
tion in larger volumes is planned, then bioreactors must be used (Fig. 8.5). One ad-
vantage of bioreactors is that they are scalable – that is, it is possible to reproduce
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Fig. 8.4 In-vitro propagation and regeneration via meristem culture. 
1–3: Preparation of apical meristem from axial buds. 4–6: Cultivation and
multiple shoot formation. 7: Rooting in vitro. 8: Regeneration of intact plants.



on a large scale those conditions which were found conducive to optimal produc-
tion on a smaller scale. With regard to scale-up, the maintenance of constant envi-
ronmental conditions at the various scales of operation is simple in terms of the
soluble components (nutrients), but more difficult with respect to the physical en-
vironment (shear, mixing, gas transfer).

The most common type of reactor for culturing plant cells is the mechanically
agitated vessel, also called a stirred-tank bioreactor. This type of reactor uses impel-
lers of various types for gas–liquid transfer and mixing. Because of the shear sen-
sitivity of plant cells, low agitation speeds of about 100 to 300 rpm are appropriate.
Unfortunately, however, these low speeds are generally insufficient to break the in-
coming gas stream into small bubbles, and in order to obtain sufficient oxygen
transfer the incoming gas stream is dispersed as fine bubbles using a perforated
ring or sintered glass or metal.

The second type of bioreactors used in plant cell cultivation is the pneumatically
agitated bioreactor, most often referred to as the air-lift fermentor. Here, agitation
is coupled to aeration, and consequently it may be necessary to use higher gas flow
rates to provide mixing than would be required for oxygen transfer. More recently,
the trend has been towards the use of mechanically agitated bioreactors, though at
present no guidelines can be given concerning the best stirrer-type. Since metabol-
ic activity is a function of the surface area of an organism, it is evident that growth
and production rates are much lower in the case of plant cell cultures than micro-
bial cells. In microbes, secondary metabolite production is generally not associated
with biomass production, and generally the products are released into the bathing
medium. Production rates are generally high, and production phases short. In the
case of plant cell cultures, growth is quite slow, metabolite production is low, and
usually the products are stored in the cells. Most plant cell culture processes have
productivities between 0.025 and 1.0 g L–1 per day (see Table 8.5). Thus, the goal
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Fig. 8.5 Bioreactors used for the cultivation of plant cells with a view to
producing secondary metabolites.



must be to make less-productive cells more productive, or to place as many cells as
possible into a bioreactor (Matsubara et al. 1989).

Depending on the characteristics of product formation, fermentation can be op-
erated in different modes. The operating mode refers to how the nutrient and
product streams are supplied or removed with respect to time, with the appropri-
ate operating mode depending on the timing of product synthesis and growth.

• When all nutrients the culture requires are supplied initially this operating mode
is termed batch operation, which may be regarded as the standard operation mode:

• In fed-batch operation the nutrients (including elicitors and precursors) are fed ei-
ther at intervals or continuously. A fed-batch mode is justified if it were detri-
mental to the cells to supply all of the nutrients in one operation.

• In repeated fed-batch operation, a substantial portion of the spent medium or the
cell suspension is withdrawn and replaced with fresh culture medium, and in
this way the culture can be reactivated. Overall productivity may be improved,
mainly because the bioreactor can be used for several consecutive production
runs without the need of cleaning and sterilization. 

• A two-stage batch operation is appropriate for non-growth-associated products,
and also offers the possibility of medium exchange, where the first medium sup-
ports rapid growth and the second medium supports product synthesis.

• The term chemostat refers to the operation in which fresh medium is continu-
ously fed to the bioreactor and a stream of suspension is continuously with-
drawn. In plant cell culture, a chemostat mode is mainly used as an experimen-
tal tool (van Gulik et al., 1993) rather than for secondary product synthesis.

• In a perfusion operation, fresh medium is added to the vessel continuously and
spent medium (but not cells, as in the chemostat) are withdrawn continuously.
In general, the perfusion reactor is appropriate for non-growth-associated prod-
uct synthesis and immobilized systems.

The demands for bioreactors devised for use with root cultures and shoot cultures
are different, and thus considered separately. It was mentioned earlier that shoot
or root differentiation sometimes enables the expression of biosynthetic pathways
that are expressed at very low levels or not at all in cell suspension cultures. The
scale-up of shoot cultures in bioreactors poses several challenges, largely stem-
ming from the cells’ unique morphological characteristics, their susceptibility to
mechanical damage, possible vitrification, and light requirements (Payne et al.,
1992). Production processes with cultured shoots are unlikely to be substituted for
field-grown plants, though they may provide excellent systems to study biosynthet-
ic sequences not operative in suspension cultures.

Root cultures, on the other hand, may serve as good candidates for the produc-
tion of root-specific metabolites. In order to enhance the productivity of hairy root
cultures, various methods have been used, including the selection of high-produc-
ing clones and elicitation. Bioreactor set-ups have been designed for the cultivation
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of roots on a large scale (Wysokinska and Chmiel, 1997; Giri and Narasu, 2000),
though in general cultured roots form loosely entangled mats and it is not neces-
sary (it may even be deleterious) to use stirrers in order to provide mixing. The use
of mist bioreactors also appears promising (Wysokinska and Chmiel, 1997). Roots
may be regarded as a form of an immobilized system, and consequently tech-
niques developed for immobilized cells can be employed. The bioreactor system
described by Wilson et al. (1990) contains an immobilization matrix, comprised of
a series of stainless steel barbs, to which roots may attach. The vessel can be run in
either submerged mode or mist-phase mode. Root cultures may also serve as good
candidates for processes using perfusion operation.

8.6

Methods and Techniques Related to Secondary Metabolism

8.6.1

Inducing Variability

In-vitro culture techniques can be used to select variant cells from which improved
cell lines or plants may be established. Variation can be enhanced by the use of in-
duced physical or chemical mutagenesis (Ahloowahlia, 1998; Donini and Sonnino,
1998). Even without mutagenic treatment plant tissues show genetic instability
when cultured in vitro (Stafford, 1991). Variability in embryogenic and regenerative
potential has frequently been reported, and permanent plant cell cultures may ex-
hibit variation in product yield over successive subcultures. Variability may to
some extent also reflect the fact that cell cultures are usually not of clonal origin,
and that fast-growing cells may be selected during successive subculture. This in-
volves the fact that rapidly proliferating cells may be more susceptible to muta-
tions, and that the culture conditions themselves may therefore be regarded as mu-
tagenic. This may be problematic for the preservation and micropropagation of
elite plants, but for the generation of variant plants this phenomenon offers pos-
sibilities (Evans and Sharp, 1986; Bajaj, 1990b). Variation occurring in plants re-
generated from tissue culture is termed “somaclonal variation” (Larkin and Scow-
croft, 1981). The regenerated “somaclones” may be stable, but this may not be tak-
en as a rule since somaclonal variation is most likely a result of both mutations and
reversible epigenetic changes.

Related to somaclonal variation is the question of the stability of plant cell sus-
pension cultures with regard to their biosynthetic potential. As cell cultures are
neither homogeneous nor synchronous with regard to their mitotic cycle, rapidly
dividing but non-producing cells may eventually overgrow the producing cells, and
this would result in productivity loss. Indeed, this has been reported for many
plant cell suspension cultures, including those of important medicinal plants (Staf-
ford, 1991). This phenomenon constitutes a clear problem for the commercializa-
tion of any plant cell culture process if a given elite cell culture might lose its high-
yield character, even during production of the cell mass required for a large culture
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vessel. The “apparent” stability (meta-stability) of a given cell culture may be the
effect of a strict subculture regime (Ulbrich et al., 1985; Fowler, 1988) rather than
the result of the clonal origin of the cells.

8.6.2

Selection

Elite cell lines are obtained by selection following a variety of strategies that include
macroscopic, microscopic and chemical inspections. Cell-aggregates or protoplasts
may be used as the starting material for selection (for a comprehensive description,
see Dix, 1990). Selection can be easily achieved if the product of interest is a pig-
ment (Fujita et al., 1984). The screening and selection of high-producing cell lines
has not been successful in all cases, however. For example, cell cultures of opium
poppy (Papaver somniferum) were initiated in many laboratories worldwide with a
view to producing codeine in large quantities. As yet, unfortunately, all approach-
es have failed as poppy cell cultures simply do not produce considerable amounts
of morphinanes (Table 8.5).
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Table 8.5 Examples of productivity of plant cell cultures.

Plant species Product Productivity
[mg L–1 day–1]

Castanospermum australe Castanospermine 0.05

Catharanthus roseus Ajmalicin 4

Coptis japonica Berberin 600

Dioscorea deltoidea Diosgenin 10

Lithospermum erythrorhizon Shikonin 150

Marchantia polymorpha Arachidonic acid 4.4

Papaver somniferum Codeine 0.25
Sanguinarin 34

Taxus canadensis Paclitaxel 10

8.6.3

Biotransformation

Although many plant cell suspension cultures fail to produce the compounds seen
in the plants from which they have been established, these cells may be used in
biotransformation processes where exogenous organic compounds are modified
by living cells. For any organism, biotransformation represents a means of coping
with lipophilic xenobiotics that may easily cross membranes and thus accumulate
in cells and tissues, where they may act as toxins. Biotransformation studies in cell
suspension cultures have been carried out with a view to: (i) producing new chem-
icals; (ii) producing known chemicals more economically; (iii) investigating the



metabolic fate of xenobiotics; and (iv) elucidating metabolic pathways (Franssen
and Walton, 1999; Giri et al., 2001).

The supply of a suitable precursor may result in the formation of a compound
known from the intact plant. This would indicate that part of the biosynthetic se-
quence is still operating in the cultured cells. The demonstration of a biotransfor-
mation reaction in vivo may be a first step towards elucidating an enzyme-catalyzed
conversion, or isolating biosynthetic enzymes or genes.

During the 1970s and 1980s, Digitalis lanata cell cultures, which had a large ca-
pacity to convert digitoxin derivatives to the respective digoxin derivatives, were se-
lected by cell aggregate cloning. Finally, a cell culture process was developed in
which metildigoxin could be prepared with good yields and almost no side reac-
tions from 4’’’-O-methyldigitoxin (Reinhard et al., 1989). More recently, alternative
approaches using D. lanata cells to produce digoxin-type cardenolides have been
attempted, with special emphasis being placed on the use of digitoxin as the sub-
strate for biotransformation (Kreis and Reinhard, 1992). With regard to the bio-
technological application of a biotransformation process using plant cells, it must
be borne in mind that plant cell cultures cannot compete with microbial systems
in terms of the production rates attainable. Therefore, only those reactions that are
restricted to plant cells and which yield products of high economic value can be of
commercial interest.

8.6.4

Elicitation

Several “non-invasive” strategies were undertaken with a view to improving pro-
ductivity in plant cell culture. Some of the major roles of plant secondary metab-
olites are to protect plants from attack by herbivores and pathogens, or to aid in
surviving other biotic and abiotic stresses. Indeed, some strategies for culture pro-
duction of the metabolites based on this principle have been developed to improve
the yield of such plant secondary metabolites. These include treatment with vari-
ous elicitors, signal compounds, and abiotic stresses (Yukimune et al., 1996; Zhao
et al., 2000, 2001, 2005).

Elicitors are compounds that are isolated from microorganisms and known ca-
pable of triggering secondary metabolite formation in plant cell cultures (Barz,
1988; Zhao et al., 2005). In whole plants, elicitors stimulate the formation of so-
called phytoalexins as a part of pathogen defense. Jasmonates are transducers of
elicitor signals for the production of plant secondary metabolites, and their exoge-
nous application to plant cell cultures may stimulate the biosynthesis of various
secondary metabolites (Gundlach et al., 1992; Farmer et al., 2003).

Many such treatments effectively promote the production of a wide range of
plant secondary metabolites, but to date only the production of shikonin by Litho-
spermum erythrorhizon cell cultures and of taxol by Taxus cell cultures have been
successfully industrialized. The elicitor approach was not successful in all cases:
codeine biosynthesis, for example, has not yet been achieved. However, com-
pounds sharing the same precursors and intermediates, such as the antimicrobial

1798.6 Methods and Techniques Related to Secondary Metabolism



alkaloid sanguinarine, may accumulate in quite high amounts. Using cell cultures
of Papaver somniferum, the production of sanguinarine was shown to be “elicited”
by preparations from fungal mycelia (Eilert and Constabel, 1986; Park et al., 1992).

In the above-mentioned example, the fungal preparation simulated the pathogen
attack, whereupon sanguinarine production was increased in the presence of the
elicitor compared to the control without fungal mycelia.

8.6.5

Immobilization and Permeation

Immobilization is a technique which traps catalytically active cells or enzymes in a
matrix, thus preventing them from entering the mobile phase. The main types of
immobilization are adsorption (e.g., to polystyrene or glass), covalent attachment
(e.g., by glutaraldehyde or carbodiimide coupling) and entrapment (e.g., alginate
or agarose) (Yeoman, 1987; Scragg, 1991). Immobilization has distinct advantages:
(i) the biomass can be retained and utilized continuously; (ii) high biomass levels
can be achieved; and (iii) cells can easily be separated from the spent medium.
However, it is essential that product formation is not strictly associated with
growth, and that cell growth can be suppressed in order to prevent disintegration
of the immobilization matrix. Assuming that immobilized cells maintain pro-
longed viability and biosynthetic capacity, the product should leach out of the cells
and beads into the medium. Although Brodelius et al. (1979) were the first to im-
mobilize plant cells, this approach has subsequently been used for the de-novo bio-
synthesis of secondary metabolites as well as for biotransformations (Payne et al.,
1992; Ramachandra Rao and Ravishankar, 2002). A special application of an im-
mobilization technique may be seen in the entrapment of somatic embryos with a
view towards the production of artificial seeds (see Section 8.2.6).

One very important point for the success of an immobilized system is that of
product release. In microbial processes, the products are generally released into
the bathing medium from which they can be extracted with ease. In plant cells,
however, natural products are usually stored in the vacuole, and in order for them
to be released the two membranes, namely the tonoplast and plasma membrane,
must be penetrated. Several methods have been attempted to release intracellular
products without affecting cell viability (Brodelius and Nilsson, 1983; Knorr et al.,
1985; Parr et al., 1987). Dimethylsulfoxide is widely used as a permeabilizing agent
(e.g., Parr et al., 1984), while ultrasonication, electroporation and ultra-high pres-
sure have also been used to recover secondary metabolites (Dornenburg and
Knorr, 1993; Brodelius et al., 1988).

8.7

Conclusions

The in-vitro cultivation of plant cells and organs has become a relatively simple
task. Some of the methods described are commercially used worldwide in plant
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breeding, micropropagation and the generation of disease-free stocks. The ability
to regenerate fertile plants from explants and selected or engineered cells is the
most important aspect of medicinal plant biotechnology. Although permanent cell
and organ cultures can produce a wide range of compounds used in medicine,
there are few success stories of production at the commercial scale. However, 
in-vitro cultures provide useful systems to study the biosynthetic pathways leading
to plant secondary metabolites at the enzyme level. In this respect, plant tissue cul-
tures have turned out to be a “a pot of gold” for those seeking to identify and iso-
late the enzymes and genes of secondary metabolism (Zenk, 1991). In-vitro cultur-
ing techniques are also exploited in genetic engineering of plants; for example,
transgenic Atropa belladonna plants producing scopolamine instead of hyoscya-
mine (Yun et al., 1992) provided the first example of how pharmaceutically impor-
tant plants could be engineered successfully.
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Biotechnological Methods for Selection of High-Yielding 
Cell Lines and Production of Secondary Metabolites 
in Medicinal Plants

Donald P. Briskin

9.1

Introduction

There is widespread interest in the application of plant tissue culture methods and
biotechnological approaches to the production of medicinal plants and isolation of
medicinal secondary products. When compared to traditional agricultural growth,
plant tissue culture production of medicinal plants offers a number of unique ad-
vantages, including the possibility of year-round, continuous production of plant
medicinal compounds under highly controlled conditions. As the in-vivo produc-
tion of secondary metabolites by plants can be highly influenced by plant growth
environment factors such as climactic and soil conditions, pathogen attack and
herbivory [1, 2], in-vitro tissue culture growth of medicinal plants can provide a
route for consistent medicinal chemical isolation from plant materials [3]. Indeed,
the lack of consistency in the levels of active chemicals in herbal medicines has
been a continual issue [4] and variation in secondary metabolite production in
agriculturally grown plant material can certainly contribute to this problem. Plant
tissue culture growth of medicinal plants can also be scaled up using continuous-
culture systems such as “bioreactors”, and this could allow for automated, high-
level isolation of medicinal secondary products [5, 6]. This would be particularly ad-
vantageous for secondary metabolite production from medicinal plants that are
slow-growing in vivo, and could eliminate concerns regarding over-harvesting of
medicinal plants which are either rare or endangered [3, 5, 6].

In order to be a viable approach for the commercial production of herbal medi-
cines or pharmaceutical chemical precursors, plant tissue culture growth must re-
sult in a high-yield recovery of secondary metabolites. Enhanced production of me-
dicinal plant secondary metabolites in cell culture has been achieved in some cas-
es via the optimization of culture conditions, immobilization and physical shock,
and the use of host-pathogen “elicitor” compounds [7, 8]. The ability to transform
in-vitro plant cell cultures with Agrobacterium rhizogenes to produce “hairy root cul-
tures” has had a major impact on this field as this approach leads to fast-growing
tissue cultures that are easy to maintain and which produce elevated levels of sec-
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ondary metabolites [9, 10]. In addition, recent advances in molecular methods have
allowed the modification (“bioengineering”) of metabolic pathways in cell cultures,
which as resulted in either enhanced secondary metabolite production or the gen-
eration of unique metabolites not produced in the original plant material [11, 12].

This chapter will focus on methods utilized in plant tissue culture growth for the
recovery of phytomedicinal chemicals. A major emphasis will be placed on describ-
ing approaches for the enhancement of secondary metabolite production in cell
cultures and the development of systems for the large-scale recovery of phytome-
dicinal plant secondary products.

9.2

Medicinal Plant Tissue Cultures and the In-Vitro Production of Phytomedicinal 
Secondary Metabolites

A number of medicinal plants have been successfully introduced into tissue cul-
ture (see Table 9.1). Typically, these tissue cultures involve either callus cells grow-
ing on a semi-solid media, or liquid suspension cultures. Both systems, involving
the unorganized growth of plant cells, have the advantage of allowing straightfor-
ward, continual propagation of cultures and in the case of liquid suspension cells,
cell production can be scaled up to high levels using bioreactors [7, 8]. In this re-
spect, suspension cell cultures have the advantage of higher growth rates than cal-
lus cultures [7]. Moreover, secondary metabolites can be more easily extracted from
liquid suspension culture than organized growth systems. Hence, if adequate lev-
els of secondary metabolites can be produced by such a system, this would be ad-
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Table 9.1 Examples of medicinal plant growth and production of secondary metabolites in cell cultures.

Plant Culture type Phytomedicinal Function Refer-
compound(s) ence

Catharanthus roseus Suspension culture Vinblastine/vincristine Antitumor 13
Capsicum frutescens Suspension culture Capsaicin Diaphoretic 14
Cinchona sp. Suspension culture Alkaloids Antimalarial 15
Coptis japonica Suspension culture Berberine Antimicrobial 16
Digitalis purpurea Suspension culture Cardiac glycosides Cardiac function 17
Ginkgo biloba Suspension culture Ginkgolide A Antioxidant 18
Glycyrrhiza glabra Callus culture Triterpenes Anti-inflammatory 19
Hypericum perforatum Suspension culture Hypericins Antidepressant 20
Panax ginseng Callus culture Ginsenosides Tonic 21
Panax notoginseng Suspension culture Ginsenosides Tonic 22
Papaver somniferum Suspension culture Opiates Anesthetic 23
Piper methysticum Callus culture Kavapyrones Sedative 24
Podophyllum hexandrum Suspension culture Podophyllotoxin Antitumor 25
Rauwolfia serpentina Suspension culture Reserpine Antihypertensive 26
Taxus sp. Suspension culture Taxol Antitumor 27



vantageous for the commercial production of these compounds. An recent exten-
sive survey by Vanisree et al. [8] included over 90 reports of successful culture of
medicinal plants, and in most cases the work involved production of either callus
or liquid suspension cultures. These authors also provide details regarding the cul-
ture media required for the successful culture of each medicinal plant species.

As noted in Table 9.1, analysis of the cell cultures revealed the production of me-
dicinal secondary products as found for the in-vivo plant. One major problem, how-
ever, is that often the level of secondary metabolite production in such unorga-
nized plant cell systems may be low, and below levels that would make industrial
production feasible [3, 7]. As pointed out by Walton et al. [7], unorganized cell sys-
tems, such as callus and suspension cells, may lack the biochemical control mech-
anisms that specify secondary metabolite production, and secondary metabolite
production may be restored or elevated with the induction of organized cell growth
in organ cultures. Moreover, herbal medicines often represent a complex mixture
of secondary metabolites, and cell cultures may not produce the appropriate spec-
trum and relative levels of secondary metabolites necessary for an effective phy-
tomedicinal preparation [7]. Indeed, studies conducted with Kava callus cultures by
our laboratory group demonstrated levels of kavapyrones quite different from
those isolated from the intact roots typically utilized in production of the sedative
herbal medicine [24]. Nevertheless, it has been possible to increase secondary me-
tabolite production in some medicinal plant callus or suspension cultures, and this
was the case for some of the examples included in Table 9.1. The achievement of
elevated levels of secondary metabolite production in cell culture can require mod-
ification of the growth media components, including levels of plant hormones, the
addition of fungal elicitors, or the addition of metabolic precursors for the secon-
dary metabolite [7, 8]. A more detailed discussion of the strategies and factors uti-
lized to enhance secondary metabolite production in callus or liquid suspension
cultures is presented in the next section.

9.3

Factors Leading to Elevated Production of Secondary Metabolites in Medicinal Plant
Cell Cultures

Invariably, the approach to improve secondary metabolite production in medicinal
plant cell cultures is empirical. Details of some factors that have led to increases in
secondary metabolite production are discussed in the following sections.

9.3.1

Cell Culture Media Components

Several research groups have found that modification of the basic components of
the nutrient medium can elevate secondary metabolite production. With respect to
mineral nutrients, this can involve elevation of specific nutrients or subjecting the
cultures to low nutrient stress. For example, in Ginseng (Panax ginseng), the pro-
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duction of ginsenosides – the active medicinal compounds – can be increased by
optimization of levels of media nitrogen, potassium, and phosphate [30–32]. Pro-
duction of the antimicrobial compound berberine in Coptis japonica cell cultures
[16, 33] and the antitumor agent paclitaxel in Taxus cuspidata cell cultures [34] was
also achieved by empirical optimization of mineral nutrients present in the growth
medium. In contrast, the production of capsaicin – the alkaloid compound respon-
sible for the pungent effects in pepper – was elevated by subjecting Capsicum an-
num cells to low nutrient stress [14]. It should be noted that low nutrient stress is
also an environmental factor which can lead to elevated secondary product biosyn-
thesis in intact plants [35].

The level and form of the carbon supply in the culture medium can have a strong
effect upon secondary metabolite production in cell cultures. In several different
studies, elevation of sucrose was found to promote paclitaxel biosynthesis in Tax-
us sp. grown in culture [36, 37]. Paclitaxel biosynthesis by cell cultures was also fur-
ther enhanced by the inclusion of fructose [36]. Likewise, elevated sucrose in the
growth media has been shown to increase alkaloid biosynthesis in Catharanthus
roseus cultures [38], anthocyanin biosynthesis in Perilla frutesens cell suspensions
[22], and steroidal alkaloid production in Solanum aviculare cultures [39]. For cell
cultures of ginseng, the initial presence of glucose and sucrose followed by sucrose
alone during the later phase of culture growth promoted the production of ginsen-
osides [40]. This effect of sugar supply on secondary product biosynthesis could re-
sult directly from these sugars as a specific carbon input, or it could reflect a shift
in metabolism due to changes in general carbon/nitrogen balance. Indeed, car-
bon/nitrogen balance can have a strong effect on the levels of secondary product
biosynthesis in intact plants [35]. This influence of carbon/nitrogen balance was al-
so observed to be critical for promoting secondary metabolite biosynthesis in a
large-scale culture system for Catharanthus roseus [41]. Here, secondary metab-
olism was elevated during the later phase of culture growth and correlated with a
depletion of nitrate in the growth medium. Tal et al. [42] also demonstrated an in-
fluence of carbon versus nitrogen levels in determining diosgenin biosynthesis in
cultures of Dioscorea deltoidea.

In addition to levels of mineral nutrients and carbon source/supply levels, the
forms of plant hormones, as well as media components such as amino acids, can
further affect secondary metabolite production in cell cultures. Levels of plant hor-
mones present in the growth medium were shown to influence ginsenoside pro-
duction in ginseng cell cultures [40], and hormone removal in a large-scale culture
system of Papaver somniferum resulted in about a threefold elevation in production
of the medicinal alkaloids, codeine and morphine [23]. The effect of amino acids on
paclitaxel production in Taxus cuspidata cell cultures was examined by Fett-Neto et
al. [34], and the presence of phenylalanine in the growth medium was found to pro-
mote maximum levels of paclitaxel biosynthesis.
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9.3.2

Elicitors and Jasmonates

As many secondary metabolites have a key role in plant defense responses against
pathogens, it is not surprising that the addition of molecules involved in the signal-
ing of pathogen attack would increase secondary metabolite production. In this re-
spect, there are a number of reports where the addition of an elicitor to the growth
medium increases secondary product biosynthesis [43]. It should be noted that in
this discussion the term “elicitor” refers to carbohydrate oligomers either of plant
or fungal origin (excluding chitosan) involved in early pathogen recognition events
leading to a plant defense response [44]. Once an elicitor is recognized by an appro-
priate plant receptor, the activation of signal transduction pathways results in a re-
sponse which can involve an array of components including protein kinases, jas-
monate, salicylic acid, and reactive oxygen species [43]. However, in the plant tis-
sue culture literature, the term “elicitor” has been used in a broader context and
can refer to any chemical substance (biological or inorganic) or treatment resulting
in increased secondary product metabolism [8].

This relationship between the role of an elicitor in a pathogen defense response
and the potential for induction of secondary product metabolism was clearly shown
in early studies by Funk et al. [45]. Here, a fungal elicitor fraction which induced gly-
ceollin biosynthesis in soybean (Glycine max) could also increase berberine biosyn-
thesis fourfold in cell suspension cultures of Thalictrum regosum. Production of the
phytoalexin, glyceollin, is a well-characterized early defense response in soybean to
fungal pathogen attack which is initiated by elicitor recognition [44].

Several studies have demonstrated the value of fungal elicitors in promoting bio-
synthesis of the antitumor agent, paclitaxel, by Taxus sp. cell cultures, and these
elicitors have been derived from a variety of microbial sources. For example, Ciddi
et al. [46] utilized elicitor fractions from extracts of Penicillium minioluteum, Botry-
tis cinerea, Verticillium dahliae and Gilocladium deliquescens, and found that all elic-
itor fractions increased the biosynthesis of paclitaxel in cell cultures. Paclitaxel bio-
synthesis in Taxus chinensis cell cultures was also increased by the addition of an
elicitor fraction generated from Aspergillus niger, an endophytic fungus which in-
fects the inner bark of this plant in vivo [47].

Fungal elicitors have also been used to elevate ginsenoside production in cell
suspension cultures of ginseng. In studies conducted by Lu et al. [48], a yeast ex-
tract was found to serve as an elicitor, resulting in an over 20-fold stimulation of
ginsenoside production. Likewise, Archambault et al. [49] were able to obtain a
twofold stimulation in the production of the antimicrobial compound, sanguina-
rine, through the use of a chitosan elicitor in Papaver somniferum cell cultures.

Jasmonic acid and its derivative forms such as methyl jasmonate (collectively re-
ferred to as “jasmonates”) represent important plant signal transduction mole-
cules involved in the response to pathogen attack [50]. Not surprisingly, these
molecules have been shown to induce secondary product metabolism in cell cul-
tures. Indeed, Gundlach et al. [51] showed that jasmonates are involved in the elic-
itor-based elevation in secondary metabolite production for a wide range of cell cul-
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tures. This general role of jasmonate in linking elicitor-recognition to secondary
product biosynthesis was also demonstrated in studies measuring phytoalexin bio-
synthesis in cell cultures of rice [52]. Here, jasmonate levels were shown to corre-
late with phytoalexin biosynthesis, while the inhibition of jasmonate production
using ibuprofen reduced both jasmonate and phytoalexin levels. Moreover, this in-
hibition of phytoalexin biosynthesis could be reversed by the addition of exogenous
jasmonate. As such, the effects of jasmonic acid and its methyl ester (methyl jas-
monate) have been extensively tested for their effects in stimulating secondary me-
tabolite biosynthesis in a variety of medicinal plant cell cultures.

As with the effects of fungal elicitors, several studies have shown jasmonate to be
effective for stimulating paclitaxel biosynthesis in cell cultures of Taxus sp. [8]. Yuki-
mune et al. [53] showed that the addition of methyl jasmonate to cell cultures of
Taxus media resulted in a substantial increase in production, with a preferential el-
evation in paclitaxel relative to other taxoids. A similar result was observed by Ketch-
um et al. [54] for cultures of Taxus candensis and Taxus cuspidata, although taxoids
in addition to paclitaxel were increased by this treatment. Quite interestingly, Mir-
jalili and Linden [55] found that combining a methyl jasmonate treatment with eth-
ylene exposure led to an even further increase in paclitaxel biosynthesis by up to 19-
fold. In contrast, these authors found that the addition of methyl jasmonate alone
resulted in only about a threefold elevation in paclitaxel biosynthesis with this sys-
tem. This apparent synergistic response may reflect an interaction among multiple
signal transduction pathways involved in this pathogen response [43].

Jasmonates have also been effective for increasing the production of ginseno-
sides by cell cultures of ginseng. Treatment of Panax ginseng cell cultures with
methyl jasmonate has been shown to elevate ginsenoside production substantially,
without much effect on cell proliferation [48]. These authors also found an antago-
nistic interaction between methyl jasmonate and 2, 4-dichlorophenoxyacetic acid
(2, 4-D), so that optimal effects were obtained when this growth regulator was re-
moved from the medium. With Panax notoginseng, methyl jasmonate was found
not only to increase the level of ginsenoside production (over ninefold) but also (ap-
parently) to alter the relative levels of different ginsenoside forms in the extract
[56]. This could prove to be a problem for the use of such a system in the genera-
tion of a phytomedicinal, as its effectiveness may depend upon a specific relative
amounts of each ginsenoside component that is present.

Jasmonic acid has been shown to increase the production of hypericins and to
promote cell proliferation in cell cultures of St. John’s wort (Hypericum perforatum)
[57]. The hypericins are naphthodianthrones which contribute to the antidepress-
ant activity of St. John’s wort extracts [58]. Quite interestingly, fungal elicitor frac-
tions did not stimulate hypericin production in this system.

9.3.3

Exogenous Substances

A variety of inorganic substances have been shown to increase secondary metab-
olite biosynthesis, and could prove useful for stimulating phytomedicinal com-
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pound production by cell cultures. For example, the addition of forms of vanadate
to cell cultures have been shown to increase secondary product biosynthesis. The
addition of sodium orthovandate to cultures of Eschscholtzia californica elevated
production of benzophenanthride alkaloids to levels observed with fungal elicitors
[59]. Likewise, the addition of vanadyl sulfate to cultures of Catharanthus roseus cell
cultures elevated production of the antitumor agent, vinblastine [13]. Vanadate is
an inhibitor of the plasma membrane proton pump and other phosphohydrolases
[60], and these elevations in secondary metabolites might represent a cell stress re-
sponse.

Other substances utilized in this way have included silver ions (Ag+) and lantha-
num (La3+). For example, the addition of silver ions was shown to increase biosyn-
thesis of the diterpenoid tanshinones in Salvia miltiorrhiz cultures, and this pro-
cess demonstrated many similarities to elicitor-based stimulation of secondary
product biosynthesis [61]. Likewise, the biosynthesis of paclitaxel in suspension
cell cultures of Taxus yunnanensis was elevated by treatment with lanthanum, and
this also appeared similar to elicitor-based effects [62]

9.3.4

Immobilization

The immobilization of cultured cells to form aggregates has been observed to en-
hance secondary metabolite production [63]. Typically, culture cell immobilization
has been achieved through the use of alginate, polyurethane foam cubes and grow-
ing cells as aggregates [64–66]. As noted by Verpoorte et al. [67], the basis for this
effect may be cell-to-cell contact and some degree of cell differentiation. As an ap-
proach to achieve large-scale production of secondary metabolites, immobilization
may be problematic since such systems are difficult to maintain on a large-scale ba-
sis, and secondary metabolites may not be extensively released to the growth me-
dia [67, 68].

9.3.5

Physical Stress

The exposure of plant cell cultures to physical stresses that affect membrane
permeability has been shown to enhance secondary metabolite production. More-
over, any increases in membrane permeability can also lead to a greater release of
the secondary metabolite to the growth medium for recovery. In suspension cul-
tures of Lithospermum erythrorhizon, Lin and Wu [69] found that exposure to low-
energy ultrasound resulted in about a 60–70% increase in shikonin production,
and an additional increase in the recovery of this metabolite due to enhanced
membrane permeability. The combined effect resulted in about a threefold in-
crease in recovery of the metabolite. An enhancement of taxsuyannanin C biosyn-
thesis in Taxus chinensis was similarly achieved by exposure of suspension cultures
to a pulsed electrical field [70]. The proposal was that such exposure induced a de-
fense-type response that resulted in enhanced secondary product biosynthesis.
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9.4

Enhancement of Secondary Metabolite Production through 
Agrobacterium rhizogenes Transformation

An alternative biotechnological approach for obtaining improved secondary me-
tabolite biosynthesis in medicinal plant tissue cultures can involve the transforma-
tion of plant cells with the soil bacterium, Agrobacterium rhizogenes. This results in
the development of a fast-growing root culture which can, for many plants, also in-
volve elevated secondary metabolite production [9, 10]. These root cultures are
called “hairy roots” due to the large number of root hairs typically associated with
the highly branched root structures [7].

Hairy root cultures are usually generated by Agrobacterium rhizogenes infection
of sterile plant explants such as leaf and leaf petioles [7, 9]. Transformation in-
volves bacterial plasmid transfer and the incorporation of key sections of the plas-
mid DNA into the host plant genome. In particular, the Agrobacterium rhizogenes
plasmid TL section with its three genes, Rol A, B, and C, is important for root in-
duction and growth [71]. Once the roots have grown for a sufficient period of time,
they can be excised from the explant tissue and then cultured in a growth medium
containing an antibiotic, ultimately to free the cultures of residual Agrobacterium.
These root cultures grow very quickly and generate a highly branched network
structure with rapid rates of linear extension [7]. Overall, the resulting hairy root
cultures are fast-growing and can be maintained on a very simple culture medium,
without plant hormones [9, 10].

With respect to secondary product metabolism, one particular advantage of hairy
root cultures is that they exhibit biosynthetic levels equal to or even greater than
those observed for the same plant grown in vivo [72–74]. Examples of medicinal
plants which have been introduced into hairy root culture are listed in Table 9.2.
The data in the table also indicate the relevant phytomedicinal chemicals produced
by the cultures and their medicinal functions.
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Table 9.2 Examples of medicinal plants and phytomedicinal 
compounds generated with growth in hairy root culture.

Plant species Phytomedicinal Function Reference
compound

Artemisia annua Artemisinin Antimalarial 75
Catharanthus roseus Indole alkaloids Antihypertensive 76
Coleus forskohlii Forskolin Antihypertensive 77
Datura candida × D. aureas Tropane alkaloids Anticholinergic 78
Glycyrrhiza glabra Isoprenylated flavonoids Antimicrobial 88
Paulownia tomentosa Verbascoside Antibacterial, antiviral 79
Scutelleria baicalensis Flavonoid glycosides Antibacterial, antioxidant 80
Solanum aviculare Solasodine Steroid drug precursor 81
Valeriana wallichi Valeopotriates Sedative 82



The pattern of secondary metabolite production by hairy root cultures may be
similar to that which is observed for roots of the intact plant, or there may an accu-
mulation of secondary metabolites in the root cultures that would normally be
present in other plant regions [7, 9, 10]. For example, hairy root cultures of ginseng
accumulate high levels of ginsenosides which are normally produced in the roots
[56]. On the other hand, hairy root cultures of Artemisia annua accumulate the ses-
quiterpenoid artemisinin [83–85]. This compound is normally accumulated in the
aerial (oil-containing) parts of the in-vivo plant [86]. To some extent this may be due
to the fact that, in the root cultures, long-distance transport processes are not
present and the metabolites would remain and hence, accumulate in the roots
[7, 10].

There have been some instances where hairy root cultures produced novel sec-
ondary metabolites not associated with the native plant species. For example, hairy
root cultures of Panax ginseng were found to produce four novel polyacetetylene
compounds not observed for the native plant [87]. Likewise, two novel isoprenylat-
ed flavonoids with antimicrobial activity were produced by hairy root cultures of
Glycyrrhiza glabra [88].

Walton et al. [7] point out that an important aspect of the capacity of hairy root
cultures to generate elevated levels of secondary metabolites relates to their root
morphology. These authors cite the example of Nicotiana rustica roots, where me-
chanical damage to the root morphology in culture led to a decrease in the capacity
for nicotine production.

9.5

Metabolite Engineering of Medicinal Plants in Culture

In contrast to “inducing” native enzyme pathways in plant cell cultures for in-
creased secondary metabolite production, metabolic engineering can serve to
directly modify pathways, the result being an increased production of secondary
metabolites or the production of metabolites not normally produced by a given
plant species. While a major limitation to this approach is the requirement for a
thorough knowledge of the pathway steps involved, the application of bioinformat-
ic approaches coupled with biochemical studies promises to provide the necessary
information to make metabolic engineering a reality. With respect to strategies to
enhance secondary metabolite production, useful approaches can involve the over-
expression of an enzyme (or enzymes) at a key limiting step(s) in a pathway, de-
creasing the expression of enzymes in competitive pathway branches, increasing
an entire pathway through expression of regulatory factors (excluding transcrip-
tion factors), and the introduction of novel enzymes utilizing a pathway intermedi-
ate for the generation of a different secondary metabolite [11, 12, 68]. At present, a
limited number of examples are available where these approaches have been uti-
lized in cell cultures resulting in the enhanced production of secondary products.
However, these studies demonstrate the potential for application for production of
phytomedicinal compounds from medicinal plant cells in culture.
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In cell cultures of Coptis japonica, isoquinoline alkaloid metabolism leads to the
production of berberine, as well as to other alkaloid components [89]. By overex-
pressing an enzyme located at a key branch point in this pathway (scoulerine 9-O-
methyltransferase), Sato et al. [90] enhanced berberine (and columbamine) pro-
duction over that of an alternative metabolite, coptisine. Overexpression of this en-
zyme resulted in a ca. 20% increase in enzyme activity and an elevation of the
amount of berberine and columbamine levels ranging from 79% to 91% of the to-
tal alkaloid level. Likewise, in hairy root cultures of Hyoscyamus muticans, overex-
pression of the enzyme hyosciamine 6â-hydroxylase was utilized to shift the rela-
tive production of the tropane alkaloids, hyosciamine and scopolamine, towards in-
creased scopolamine biosynthesis [91]. This compound has a number of important
pharmaceutical uses, including the reduction of motion sickness [2]. While hairy
root cultures produced hyosciamine as the major tropane alkaloid, scopolamine
production was increased 100-fold following overexpression of this enzyme. This
elevation in scopolamine production was achieved without a concomitant reduc-
tion in the level of hyosciamine production.

In Catharanthus roseus, one portion of the metabolic pathway for terpenoid in-
dole alkaloid biosynthesis is under the control of ORCA3, a transcription factor
which is involved in the jasmonate-dependent induction of this pathway [11].
When this transcription factor was overexpressed in C. roseus culture cells, en-
hanced expression of several genes in the biosynthetic pathway was observed [92].
However, in order to obtain enhanced alkaloid production in the cells it was neces-
sary to include the compound loganin, which is an early metabolic intermediate.
Since it was found that ORCA3 did not control expression of a cytochrome P450 in-
volved in an early step in the pathway, this addition was necessary to bypass this re-
gion of the pathway [12, 92]. With the inclusion of loganin, alkaloid biosynthesis
was increased threefold in the C. roseus culture cells [92]. In maize kernels, two
transcription factors, R and C1, appear to control anthocyanin biosynthesis [12],
and overexpression of these transcription factors in maize cell cultures resulted in
induction of the entire flavonoid pathway [93].

The introduction of genes into plant cells in culture conferring heterologous ex-
pression of novel enzymes for that species could allow for the generation of new
secondary metabolites. For example, Fecker et al. [94] transformed Nicotiana hairy
root cultures with a bacterial lysine decarboxylase gene, thereby allowing the gen-
eration of the piperidine alkaloid anabasine. Similarly, Lodhi et al. [95] introduced
a bacterial gene encoding isochorismate synthase into Rubia peregrina hairy root
cultures, which resulted in an increase in the production of anthraquinones.

While the metabolic engineering of pathways will have tremendous potential for
use in in-vitro phytomedicinal production, there are some limitations to this ap-
proach. Although the overexpression of individual enzymes in a pathway has shown
some success in increasing or modifying secondary metabolite biosynthesis, it
should be recognized that, according to metabolic control theory, overall pathway flux
is limited by the net effect of all enzymes present in the pathway [96]. As such, over-
expression of a single enzyme might have little effect, as the limitation (“control”)
exerted by other enzymes in the pathway may overshadow any enhanced activity
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from a single enzyme. Recent studies have also supported the role of “metabolons”
in many pathways, where an entire pathway or portion of a pathway is mediated by
a multienzyme complex [96, 97]. In this case, the enzymes in a metabolon may be
coordinately expressed, and intermediary metabolites are passed directly from one
enzyme to the next via metabolite channeling, and without free metabolite pools. As
such, the effect of overexpression of a single enzyme would be limited by the levels
of the other enzymes present in the metabolon for assembly, and the lack of meta-
bolic pools due to metabolite channeling could limit the effectiveness of novel en-
zyme introduction to generate new metabolites. Finally, as pointed out by Oksman-
Caldentey and Inze [11], the autotoxicity of secondary metabolites could pose a prob-
lem when their levels of synthesis are elevated by metabolic engineering. With in-vi-
vo plants, many toxic secondary metabolites are accumulated in the vacuole, and
transport processes could prove to be a limiting factor [11]. Alternatively, secondary
metabolites might be glycosylated as a means of preventing toxicity. This latter pos-
sibility was observed when a phenolic metabolism was modified by the introduction
of a bacterial gene for chorismate-pyruvate lyase into Nicotiana cell cultures [98, 99].
While this enzyme would lead to the production of 4-hydroxybenzoate, the glycosy-
lated forms of this compound were found.

9.6

Large-Scale Production of Medicinal Secondary Metabolites in Bioreactor Systems

The scaling-up of plant culture systems to allow the industrial production of secon-
dary metabolites has been achieved for a limited number of medicinal plant spe-
cies. These production systems, or “bioreactors”, can allow for continuous culture
growth and possibly, continuous recovery of secondary metabolites. A number of
different types of bioreactor have been developed for plant culture systems which
differ in terms of how the cultures are mixed, how the medium is supplied to the
culture, and how gas exchange is controlled [63, 100, 101]. Some examples of me-
dicinal plant species, together with the active secondary metabolites produced in
bioreactors, are listed in Table 9.3. These data indicate that bioreactors have been
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Table 9.3 Some examples of medicinal plants grown and 
phytomedicinal compounds recovered in bioreactor systems.

Plant species Culture type Phytomedicinal Function Reference 
compound

Artemisia annua Hairy roots Artemisinin Antimalarial 101
Atropa belladona Hairy roots Atropine Anticholinergic 102
Coleuis blumei Suspension Rosmarinic acid Antioxidant 103
Coptis japonica Suspension Berberine Antimicrobial 104
Datura stramonium Hairy roots Hyoscyamine Anticholinergic 105
Papaver somniferum Suspension Sanguinarine Antimicrobial 106
Taxus baccata Suspension Taxol Antitumor 107



used with both suspension cultures and hairy root cultures. The scaling-up of a
plant culture with a bioreactor requires careful consideration of several growth pa-
rameters, including oxygen supply, nutrient medium composition, light supply,
and factors required to induce secondary product synthesis [63, 100]. With such an
approach, only the ginsenosides from ginseng and the antimicrobial compound
berberine have been produced commercially, on a large-scale basis [104, 108]. The
production of taxol in bioreactors has provided very favorable results, and a clear
potential for commercial use [11]. For other compounds to be produced at com-
mercial levels, the bioreactor design may need further optimization, and the meth-
ods used to recover the secondary metabolites may need to be improved.

9.7

Summary and Perspective

While plant cell culture systems can, potentially, have a number of advantages in
the production of phytomedicinal compounds, there are a number of technical
challenges that would need to be resolved. Whilst it is generally possible to intro-
duce most plants into tissue culture, the production of adequate levels of particular
secondary metabolites may be problematic. Identifying growth conditions to in-
duce secondary product production, either through growth medium optimization
or by the addition of elicitors or jasmonates, can lead to increased production of
secondary metabolites. However, this process is both empirical and time-consum-
ing. On the other hand, the transformation of medicinal plants using Agrobacteri-
um rhizogenes to form hairy root cultures has the potential benefits of fast growth
and rates of secondary metabolite production equal to or greater than that found
for the intact plant. Moreover, hairy root cultures can be scaled-up for bioreactor
production to allow for the large-scale recovery of medicinal products. Finally, ad-
vances in molecular methods and in knowledge relating to secondary metabolite
pathways can lead to the use of metabolic engineering as a means of directly mod-
ifying pathways for increased phytomedicinal product biosynthesis.
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10

Impact of Whole-Genome and Expressed Sequence Tag 
Databases on the Study of Plant Secondary Metabolism

Jillian M. Hagel, Jonathan E. Page, and Peter J. Facchini

10.1

Introduction

Plants produce a wide diversity of low-molecular-weight natural products via a net-
work of typically complex secondary metabolic pathways. To date, more than
100000 natural products, such as terpenoids, phenylopropanoids and alkaloids,
have been identified [1]. Despite the widespread application and economic impor-
tance of these compounds as dyes, pigments, flavors, aromas, medicines and poi-
sons, the physiological relevance of most natural products has not been deter-
mined. However, secondary metabolites – deemed secondary only because they are
not required for normal growth and development – generally play physiological
roles ranging from plant defense against herbivores to the attraction of pollinators.

The past few decades have seen the elucidation of major secondary metabolic
pathways and the discovery of many novel biosynthetic enzymes. The early devel-
opment of radioactive tracing techniques, the later use of plant tissue culture
methods, and the more recent application of molecular biological approaches have
each represented a revolution in the efficiency and efficacy of research on plant sec-
ondary metabolism. The most recent – and perhaps the most profound – revolu-
tion involves the widespread use of genomics, which can be defined as the use of
current knowledge of whole or partial genome sequences to answer broad biologi-
cal questions [2]. Research involving plant secondary metabolism has taken advan-
tage of the genomics revolution by using new tools to isolate novel genes, to eluci-
date evolutionary relationships between plant species, and to understand intricate
signaling and regulatory networks. In this chapter, we review the application of
plant genome and related sequence resources to the discovery of novel biosynthetic
genes involved in terpenoid, phenylpropanoid, and alkaloid metabolism in order to
demonstrate the potential of genomics to advance research in the field of plant sec-
ondary metabolism.
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10.2

Whole-Genome Sequences

Plant biology was formally ushered into a new era in December 2000, with the
completion of the Arabidopsis thaliana genome sequence. Representing 115 mil-
lion base pairs (Mb) of euchromatin out of the estimated 125-Mb genome, recent
estimates total the number of genes at 30 700 (version 5 annotation; The Arabidop-
sis Information Resource, TAIR; http://www.arabidopsis.org). The International
Rice Genome Sequencing Project declared the rice genome sequence complete in
December 2004, while large-scale efforts are being made toward the sequencing of
tomato (Lycopersicon esculentum), lotus (Lotus corniculatus), barrel medic (Medicago
truncatula), and black cottonwood (Populus trichocarpa) genomes. Certainly, the se-
quencing of an entire plant genome is a daunting task; nuclear genomes of plants
are often notoriously large, requiring immense resources, investment and coordi-
nation. However, the real challenge of this new era lies not with the amassment of
sequence data, but with the application of genomic information to biological prob-
lems. The high quality of the A. thaliana annotation is expected to strengthen
broad comparisons involving proteome content, transcriptional patterns, and epi-
genetic state, with other plants and distantly related model organisms [3]. Compar-
ative genomics may be used to identify functional elements, which are more likely
to be conserved through time while neutral mutations accumulate. When multiple
gene sequences are aligned, conserved regulatory regions, noncoding genes, and
protein coding genes become evident [4, 5]. Ultimately, information garnered from
genome analyses may be applied to functional genomics in plants for which little
or no sequence data are available, rendering whole-genome studies of model or-
ganisms invaluable to medicinal plant biology.

Computers, software, and the World Wide Web are integral components to the
analysis of, and access to, genome sequence information. Reiser et al. [6] provided
a survey of plant genome data resources, including those containing information
for single or multiple plant species. The types of data available through public data-
bases include DNA and protein sequences, precomputed phylogenetic profiles of
completed genomes, sequence analysis software, maps, clones and seed stocks.
The National Center for Biotechnology Information (NCBI; http://www.ncbi.nih.
gov) provides a data-rich platform in support of genomic research by integrating
data from more than 20 biological databases, using a flexible search and retrieval
system named Entrez [7]. Entrez-Nucleotide, a core database in Entrez, includes
GenBank [8], which is a primary database of nucleotide sequences synchronized
daily with the DNA Databank of Japan [9] and the European Molecular Biological
Laboratory [10]. The Entrez system also covers a suite of more specialized databas-
es of particular relevance to genomics, such as Entrez Genomes, Unigene, Entrez
Gene, and HomoloGene. Entrez Genome contains genomic sequence and annota-
tions for over 1000 organisms, including 39 complete sequences for plant chromo-
somes, plastids, and mitochondria. Taking advantage of the same database tech-
nology as Entrez, and supporting text queries with Boolean logic, the NCBI Map
Viewer (http://www.ncbi.nih.gov/mapview/) is used to display genomic maps for
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many plants and animal genomes. Performing a BLAST search using an acces-
sion, GI, or sequence in FASTA format leads to Map Viewer displays in which the
genomic context of the hits can be seen. This function is useful for identifying non-
coding, putative regulatory elements in model organisms, and finding conserved
regulatory regions in plants for which genome sequence is unavailable.

Comparative plant genomics resources are also available through PlantGDB
(http://www.plantgdb.org/), a database of plant molecular sequences. PlantGDB
contains data of plant sequences extracted from public sequence repositories such
as GenBank, including assembled expressed sequence tag (EST) and genome sur-
vey sequence (GSS) contigs, and the complete genome sequences for Arabidopsis
and rice [11]. The extracted sequences are sorted by taxonomic classification to pro-
vide fast and easy access to sequence subsets limited to individual species or phylo-
genetic group, and the site is synchronized daily with source public repositories.
Currently, PlantGDB contains sequences from over 24 000 plant species, represent-
ing more than 6000 genera. Unique to PlantGDB, researchers have access to three
online sequence data analysis tools: BLAST@PlantGDB, GeneSeqer@PlantGDB,
and PatternSearch@PlantGDB. Although nearly all sequence databases provide an
online BLAST server, most restrict researchers to one database at a time, making
PlantGDB’s multi-source database an attractive alternative. For example, the cur-
rent NCBI BLAST server requires a selection of predefined database options (e.g.,
“nr”, “est”, “gss”, etc.), whereas this distinction is not necessary at PlantGDB.

Research progress toward the completion of large-scale genome sequencing pro-
jects may be accessed at http://www.ncbi.nih.gov/genomes/PLANTS/PlantList.-
html. Following the links leads to information regarding species-specific genome
characteristics (i.e., size, chromosome number, ploidy) and the research center or
consortium currently engaged in genome sequencing. A more comprehensive 
listing of genome sequencing initiatives is available (http://www.ncbi.nih.gov/
genomes/leuks.cgi), although many of the projects listed have not yet started, or are
operating on a “small-scale” basis. Plant species for which genome sequencing in-
itiatives are in progress include Arabidopsis family members A. lyrara and Capsella ru-
bella, cultivated grains Sorghum bicolor and Triticum aestivum, fruits, legumes, trees,
and evolutionarily important fern (Selaginella moellendorffii) and moss (Physcomitrel-
la patens) species. The genomes of several green algae are also being sequenced.

As sequence data accumulate for myriad plant species, the model genome of
Arabidopsis thaliana will continue to serve as our genetic workhorse. Plant research
has placed enormous expectation in this small, weedy “supermodel” plant,
prompting the launch of the ambitious Arabidopsis 2010 Program, the aim of
which is to determine the function of every gene within the span of a decade [12].
The Arabidopsis genome contains an impressive array of genes, encoding enzymes
involved in primary and secondary metabolism. More than 300 members of the cy-
tochrome P450 gene family are represented, in addition to a large number of tran-
scription factors (~1500), many of which are unique to plants [3]. Despite these fea-
tures, and although Arabidopsis has been used extensively to study aspects of pri-
mary metabolism, secondary metabolism is more often studied in “exotic” or me-
dicinal plants [13]. Ironically, once genes that encode enzymes involved in the bio-
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synthesis of a class of secondary metabolites (e.g., alkaloids) are found in such spe-
cies, sequence comparisons often reveal that the Arabidopsis genome contains re-
lated sequences [14]. However, sequence homology is often insufficient evidence
on which to base predictions of specific enzyme function, let alone the overall bio-
synthetic capacity of a certain plant. Due to examples of minor, even single, amino
acid substitutions conferring distinct substrate specificities in enzymes involved in
natural product metabolism, caution is advised when interpreting sequence data
[15, 16]. While available genome information cannot be used to replace traditional,
empirical enzyme characterization, gene annotations may be used to identify con-
served sequence domains suggesting putative enzyme function.

Gene discovery and annotation within sequenced genomes provide tools for the
identification and isolation of homologues in non-model plants. Reference plants
often produce metabolites known to be involved in the biosynthesis of nutraceuti-
cal or pharmaceutical compounds, thereby facilitating the study of these com-
pounds in medicinal plant species. The completion of genome sequences of mod-
el organisms also permits broader applications, such as comparative genomics.
Comparative mapping has revealed extensive genome co-linearity between species
in the same family, and microsyntenic correlations between distantly related spe-
cies [17]. Syntenic relationships can extend genetic maps established in one species
to related species, and provide unambiguous identification of gene orthologues
[18]. Comparative sequence analysis of large DNA regions across species has iden-
tified long-range, cis-regulatory elements that are difficult to find by conventional
methods [19–21]. The first comparative genetic maps were created during the late
1980s [22, 23]. As a natural product of the “genome”, comparative mapping gained
the precision necessary for a more exact delineation of the syntenic relationships
between members of the grass and legume families [24–26].

The most comprehensive comparative dataset to date is from the grass family,
which contains all of the major cereals [27]. The Poaceae family includes wheat,
maize, barley, sorghum, oats, sugarcane, and the model plant, rice. Synteny is fair-
ly conserved across the cereal genomes, and local regions of co-linearity will be of
immense use in positional cloning efforts in larger cereal genomes [28]. Availabil-
ity of genomic sequence from two subspecies of rice (O. japonica and O. indica)
provides a profound resource for adaptation and evolution studies. Phylogenetic
approaches have been used to identify conserved, noncoding sequences (CNS) in
plant genes in a number of studies [29–31], including a comparative analysis of
phytochrome A gene promoters from sorghum, maize, and rice, revealing a CNS
that spanned known cis-regulatory sequences [32]. Buchanan et al. [33] carried out
a phylogenetic analysis of 5′-noncoding regions from ABA-responsive rab16/17
gene family of sorghum, maize and rice, with the goal of determining how to use
sequence data to identify cis-elements that control gene expression in grass spe-
cies. Using the FootPrinter software package (http://bio.cs.Washington.edu/soft-
ware) and the well-characterized maize rab17 as a model, several conserved 5′-non-
coding regions were identified as putative transcription factor binding sites.

Evidently, the concept that conserved genome structure can facilitate transfer of
knowledge among related plant species has been exemplified in grasses. Sequenc-
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ing of Medicago truncatula and Lotus japonicus has encouraged a similar trend with-
in the legume family [34]. Fabaceaeous plants include the crop species soybean
(Glycine max), peanut (Arachis hypogaea), and alfalfa (Medicago sativa), along with
numerous beans and peas. Using M. truncatula as the central point of comparison,
an in-depth analysis of legume macrosynteny within pea, mungbean and alfalfa
was reported by Choi et al. [26, 35]. Microsynteny, which refers to conserved gene
content and order at the sequence level in a short, physically defined DNA contig,
has been estimated between M. truncatula and soybean using a hybridization strat-
egy involving bacterial artificial chromosome (BAC) contigs [36]. The demon-
strably conserved genome structure between M. truncatula and crop legumes has
permitted map-based cloning of genes required for nodulation in crop legumes,
using M. truncatula as a surrogate genome [37, 38]. Beyond comparisons between
members of the grass or legume families, genome-wide comparisons of gene fam-
ilies within more divergent species have been reported. Open reading frames
(ORFs) encoding P-type ATPase ion pumps [39], CONSTANS-like genes [40], cryp-
tochrome ORFs [41] and calcium-sensing gene families [42] that have been exam-
ined in both rice and Arabidopsis have shed light on conserved genes and pathway
components in these two model species.

10.3

Expressed Sequence Tags

In plants for which the complete genome sequence is available, information on
both the physical and functional annotation of the genome can be gained through
transcriptional genomics [43, 44]. This advantage is especially true for the model
plant Arabidopsis, whose genome annotation is particularly strong. In plant species
for which complete genomes sequences are not available, cDNA libraries, and in-
creasingly, EST databases have been used as a source of DNA sequence informa-
tion [13]. ESTs differ from cDNAs in that they are generally shorter and/or incom-
plete copies of mRNA sequence. Generating sequence information from EST frag-
ments serves two purposes: (i) the discovery of new genes; and (ii) the assessment
of their expression levels in the source tissue [45]. The approach is based on the
premise that the level of an mRNA molecule in a specific tissue is mirrored by the
frequency of the occurrence of its corresponding EST in a clone library. In this re-
gard, EST sequencing methods are distinct from ratio-based techniques, such as
microarraying, in that they are immediately quantitative [46]. EST-based projects
are attractive because they do not rely on existing sequence information from the
organism under study. For this reason, the construction of EST databases presents
a distinct advantage for non-model plants. A disadvantage of EST sequencing ap-
proaches, however, is the expense. Even at a few dollars per sequence, the process
can be costly if one desires to progress beyond a cursory screening of abundant
transcripts to an in-depth analysis [47]. Beyond the statistical questions raised by
sampling small numbers of a large population [48], there are also bias problems in-
volved with cloning and cDNA synthesis. Consequently, EST sequencing on a larg-
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er scale is favored as this minimizes such concerns. In theory, expression profiles
can be derived for very weakly expressed genes if ESTs are sequenced in sufficient
number.

Exhaustive sequencing of ESTs is a common method for gene expression profil-
ing, while the primary objective of EST sequencing is usually to generate genic se-
quence information [49]. To reduce the amount of sequencing required in achiev-
ing a survey of expressed genes, auxiliary techniques such as subtractive hybridiza-
tion [50], representational difference analysis (RDA) [51] and suppression subtrac-
tive hybridization (SSH) [52] can be used. Expressed sequence tag data are gener-
ated by bulk, single-pass, partial sequencing of cDNA clones (~500 base pairs).
Comparisons of EST frequencies in libraries constructed from different tissues
may reveal differential gene expression patterns [53]. Unfortunately, public plant
EST libraries are, in general, too small or from too many sources for accurate ex-
pression analyses.

As of November 2005, there were 420 789 Arabidopsis thaliana ESTs or cDNAs in
GenBank (http://www.ncbi.nlm.nih.gov/dbEST). The abundance of ESTs in the
GenBank Arabidopsis library does not accurately reflect gene expression levels,
however, since most of these clones were generated either from a single library de-
rived from multiple tissues or were selected from normalized libraries [49, 54, 55].
Although model plants and crop species are well represented in GenBank EST
databases, few and often no ESTs are available for “exotic” and/or medicinal
plants. Other public or non-profit sites containing EST sequence information in-
clude http://www.tigr.org and http://www.plantgdb.org. Specialized internet-ac-
cessible databases exist for individual crop species [11] and plants such as grape-
vine (Vitis vinifera) (http://www.vitigen.com) and various conifer species (http://
treenomix.com). In some cases, EST databases amassed by private corporations
may be mined for academic purposes [56], usually with proprietary/monetary con-
siderations.

Software developments for use in EST analyses are routinely published [11, 57,
58]. Because EST sequences are typically redundant, assembly of overlapping ESTs
into putative contigs constitutes the first step in generating a usable library. EST
assembly remains a computational challenge given the large number of ESTs cur-
rently available. Computational requirements can be reduced using parallel EST
clustering programs such as PaCE [59] (http://bioinformatics.iastate.edu/bioinfor-
matics2go/PaCE/), which is employed by PlantGDB. Researchers working on a
particular organism often generate their own species-specific contigs, either inde-
pendently or in collaboration with groups specializing in genomic analysis. Addi-
tionally, PlantGDB makes available data analysis tools such as GeneSeqer@-
PlantGDB and PatternSearch@GDB. In particular, GeneSeqer@PlantGDB allows
researchers to “thread” EST sequences onto genomic DNA across all plant species,
helping identify linking patterns between genes. The PatternSearch tool permits
searches for relatively short matches – possibly interspersed with mismatches, in-
sertions, or deletions – against PlantGDB sequences. For a more complete review
of these and related EST analysis programs, the reader is referred to Dong et al.
[11].
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10.4

Terpenoids

The isoprenoids comprise the largest and most diverse family of natural products
[60]. More than 30 000 individual terpenoid compounds have been identified, of
which at least half are synthesized by plants [61]. Although the vast majority of
terpenoids are classified as secondary metabolites, a relatively small number of iso-
pentenyl-derived compounds are involved in plant primary metabolism including,
for example, the phytol side chain of chlorophyll, the carotenoid pigments, the phy-
tosterols of cellular membranes, and the gibberellin plant hormones. Mixtures of
terpenoids form the basis of a range of commercially important products, such as
essential oils, turpentines, and resins [62, 63]. The flavors and aromas of many
herbs, spices and fruit can be attributed to the presence of volatile isoprenoids.
Mints, sages and basils synthesize and store terpenoid cocktails in glandular tri-
chomes, and citrus fruit owes its scent to the sesquiterpenoid valencene [64–66].
For centuries, plant varieties such as rose have provided humankind with a source
of natural perfume [67, 68], while many flowers have relied for much longer on the
monoterpene constituents of floral scent to attract pollinating insects [69–71]. Con-
stitutive and induced terpenoids are important defense compounds for many
plants against potential herbivores and pathogens, as seen in the traumatic resin
response of Norway spruce to insect infestation [72, 73]. In terms of our own de-
fense, several terpenoids are of pharmacological significance, including the dietary
anticarcinogen limonene [74] (Fig. 10.1), the antimalarial artemisinin [75], and the
anticancer drug paclitaxel (Taxol) [76, 77].

All terpenoids are derived from the central precursor isopentenyl diphosphate
(IPP). In plants, IPP is synthesized in the cytosol via the classical mevalonate (MVA)
pathway [78], by which sesquiterpenes (C15) and triterpenes (C30) are formed, and in
the plastids via the non-mevalonate, or methylerythritol phosphate (MEP) pathway
[79, 80]. New evidence in snapdragon, however, has suggested that both mono- and
sesquiterpenes may be synthesized in the plastid [81]. These two spatially distinct
pathways have recently been elucidated in plants and microorganisms, and the
genes encoding all the enzymes in both pathways have now been identified [82, 83].
As shown in Figure 10.1, these three acyclic prenyl diphosphates serve as immedi-
ate substrates for terpene synthases (TPSs), which generate a vast array of mono-,
sesqui-, and diterpenoid compounds. Although the first three TPS genes were iso-
lated from distantly related plants [84–86], sequence comparisons revealed a degree
of relatedness [86–89]. Later analysis of the deduced amino acid sequences of 33
TPSs from angiosperms and gymnosperms allowed the identification of six TPS
gene subfamilies [90]. Conservation between these subfamilies has eased subse-
quent efforts to clone new genes based on genome sequence data alone [91].

Prior to the availability of complete genome sequences, the search for isoprenoid
biosynthetic genes began in plants well-known for their production of essential
oils, resins, or terpenoid volatiles. In the case of Arabidopsis, a reversal of this trend
occurred. Analysis of the A. thaliana genome sequence revealed a family of 40 TPS
genes [92] which, when taken together with supporting evidence [93, 94], suggest-
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ed the presence of terpenoid metabolism in the model plant. This hypothesis was
confirmed by Chen et al. [95] and Aharoni et al. [96], who within the same year pub-
lished conclusive data concerning the emission of volatile isoprenoids from Arabi-
dopsis flowers. The inflorescences were found to emit a complex mixture of more
than 20 sesquiterpenes that was primarily dominated by (–)-(E)-â-caryophyllene, in
addition to eight monoterpenes [97]. Proton-transfer-reaction mass spectrometry
was used to show that Arabidopsis roots emit 1,8-cineole [98], a monoterpene
formed by the action of a root-specific TPS [99]. The Arabidopsis genome sequence
has proven to be an invaluable resource, enabling the rapid cloning, characteriza-
tion, and localization of new genes involved in isoprenoid metabolism [97, 100].
Genomic evidence has suggested that A. thaliana also contains higher terpenes, in-
cluding triterpenes. Fazio et al. [101] used genomic information to clone a predict-
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Fig. 10.1 Representative monoterpenes, sesquiterpenes, and diterpenes
produced from geranyl diphosphate, farnesyl diphosphate, and
geranylgeranyl diphosphate, respectively.



ed oxidosqualine synthase capable of synthesizing tricyclic triterpenoids in vitro,
adding to previous studies demonstrating the presence of genes encoding similar,
higher terpene-synthesizing enzymes in Arabidopsis [102–104].

The more recent completion of the rice genome [105] has similarly eased the pro-
cess of cloning new genes involved in terpenoid metabolism. In particular, there is
current interest in the biosynthesis of labdadienyl/copalyl diphosphate (CDP)-de-
rived isoprenoids in rice, since these diterpenoids serve as precursors to important
primary metabolites such as gibberellin hormones, as well as to myriad natural
products [106–108]. As seen in Figure 10.1, the C20 terpenoid GGPP is converted to
ent-CDP by the terpene synthase OsCPSent, for which more than one isoform ex-
ists. Two isoforms of OsCPSent were reported by Prisic et al. [109], with one of the
two being mined from rice genomic sequence. Weeks earlier, a very similar report
of two OsCPSent isoforms had been published [108]. In both papers, the authors
concluded that one OsCPSent isoform was UV-inducible and specific for phytoalex-
in biosynthesis, whereas the other terpene synthase isoform was not inducible and
was specific for gibberellin biosynthesis. Rice genomic sequence was also used to
isolate a third TPS, specifically responsible for syn-CDP-derived phytoalexin/allelo-
pathic compounds (OsCPSsyn) [107].

With the exceptions of Arabidopsis and rice, plant isoprenoid metabolism re-
search relies most heavily on EST sequence databases. In some cases, combina-
tions of public and private EST databases are mined for appropriate clones. Schnee
et al. [56] searched a proprietary maize database assembled by Pioneer Hi-Bred
International in addition to public databases [110] for ESTs with sequence homol-
ogy to known TPSs. The selected ESTs were aligned with each other to form con-
tigs. One of these contigs was used to isolate a full-length cDNA encoding a sesqui-
terpene synthase, which surprisingly exhibited low overall similarity to other plant
TPSs. Transcript levels of the corresponding gene terpene synthase 1 increased with
herbivore damage, and the heterologously expressed enzyme was found to catalyze
the formation of (E)-â-farnesene, (E)-nerolidol, and (E,E)-farnesol. Continued
study of maize isoprenoid metabolism showed that allelic variation of two TPS
genes, tps4 and tps5, caused variability in sesquiterpene emissions between two
maize cultivars [111]. Clones of both genes were obtained by searching the Pioneer
Hi-Bred EST sequence libraries. Genomics-based selection of triterpene glycosyl-
transferases from the model legume Medicago truncatula was reported recently
[112], as was the cytochrome P450 monooxygenase CYP720B1 (abietadienol/abie-
tadienal oxidase; PtAO) from loblolly pine (Pinus taeda) [113]. In conifers, P450s
are involved in the formation of a suite of diterpene resin acids. PtAO was cloned
and identified using phylogenetic cluster analysis of P450-like ESTs from loblolly
pine, functional cDNA screening in yeast (Saccharomyces cerevisiae) and in-vitro en-
zyme characterization. Conifer TPSs have been a research focus for ecologists and
molecular biochemists alike over the past decade [73]. Resin terpenoids are seques-
tered in specialized anatomical structures, such as resin ducts or resin blisters.
Stem-boring insects damage the resin ducts, exuding monoterpenoid-solvated di-
terpenes such as pinene (Fig. 10.1). The release of terpenoids creates a long-lasting
chemical and physical barrier at the site of insect attack. The evolution of gymno-
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sperm TPSs of the TPS-d subfamily was examined following the cloning and func-
tional characterization of nine Norway spruce (Picea abies) TPS genes [114]. Four
clones were isolated by cDNA library filter hybridization, whereas a combination of
similarity-based PCR, EST-mining and rapid amplification of cDNA ends (RACE)
cloning strategies enabled the isolation of the remaining five TPS genes.

Many other species possess specialized anatomical structures known to biosyn-
thesize and/or store isoprenoid compounds. Plants secrete a diverse array of sec-
ondary metabolites within modified epidermal hairs called glandular trichomes.
The products that accumulate in or exude from plant glandular trichomes are bio-
synthesized by secretory cells located at the apex of the trichome [115]. Due to the
low level of trichome biomass relative to the organs on which they are located, it is
not clear how well trichome-expressed genes are represented in whole-organ
cDNA libraries. In response to this problem, specialized EST libraries have been
developed from the glandular trichome cells of peppermint (Mentha ×piperita)
[116], sweet basil (Ocimum basilicum) [64], alfalfa (Medicago sativa) [117] and wild
and cultivated tomatoes (http://www.tigr.org/tdb/tgi/). While a significant propor-
tion of ESTs from mint and tomato trichome libraries represented genes involved
in terpenoid metabolism, the peltate glands of basil appeared to be richer with
clones dedicated to phenylpropene biosynthesis [64]. In the case of alfalfa, no ESTs
corresponded to enzymes of cyclized terpenoid biosynthesis [117]. The isolated se-
cretory cells of peppermint oil glands are capable of de-novo biosynthesis of mono-
terpenes from primary carbohydrate precursors [118], and have been shown to be
highly enriched in the enzymes of monoterpenoid biosynthesis [119]. The mono-
terpenoid (R)-(+)-menthofuran (Fig. 10.2) is a common component of the essential
oil of several Mentha species, of which levels in excess of a few percent can de-
crease the quality of the distilled commercial product. Drawing a candidate cyto-
chrome P450 monooxygenase clone from their EST sequence library [64], Bertea et
al. [120] characterized the responsible enzyme menthofuran synthase (MFS) (Fig.
10.2). Exploitation of this highly enriched library has further led to the cloning and
functional expression of isopiperitenone reductase (IPR) and pulegone reductase
(PR) [121], isopiperitenol dehydrogenase (IPD) [122], and the two menthol reduc-
tases (–)-menthone:(–)-(3R)-menthol reductase (MMR) and (–)-menthone:(+)-(3S)-
neomenthol reductase (MNR) [123]. Taken together, these three papers describe
the entire complement of cDNAs encoding the redox enzymes of (–)-menthol bio-
synthesis in peppermint [123]. The biosynthetic pathway and corresponding en-
zymes are illustrated in Figure 10.2.

Although the EST library of sweet basil was especially rich with clones encoding
phenylpropene-related enzymes [64], Iijima et al. [124] reported the isolation of a
cDNA encoding geraniol synthase using the sequence database. In a related publi-
cation, Iijima et al. [125] examined the biochemical and molecular basis for the di-
vergent patterns in the biosynthesis of terpenes and phenylpropenes in the peltate
glands of three cultivars of basil. Interestingly, the total amount of terpenes was
correlated with total levels of TPS activities, and negatively correlated with levels of
phenylpropanoids and phenylalanine ammonia lyase (PAL) activity. Using an an-
notated EST database for the three basil cultivars [64, 124], an exhaustive search re-
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vealed a total of nine contigs encoding proteins with sequence homology for
known TPSs. After obtaining full-length cDNAs for all the contigs, the correspond-
ing protein sequences were aligned and compared, and phylogenetic relationships
assessed [125]. TPSs have been similarly isolated and compared in grapevine flow-
ers and berries [126]. Recently, two sesquiterpene synthase cDNAs encoding (+)-
valencene synthase and (–)-germacrene D synthase were obtained by in-silico
screening of a database developed for the grapevine cultivar Gewürztraminer
(http://www.vitigen.com) [126, 127]. In snapdragon, three genes of a new TPS sub-
family were cloned and characterized using a flower EST library containing 792 se-
quences [71]. Further work with these genes, which encode two myrcene synthas-
es (Fig. 10.1) and one (E)-â-ocimene synthase, led to the discovery that the nonme-
valonate pathway supports both monoterpene and sesquiterpene formation in
snapdragon flowers [81].
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Fig. 10.2 Biosynthesis of (–)-menthol, 
(+)-neomenthol, and (+)-menthofuran.
Enzymes for which corresponding molecular
clones have been isolated using a genomics-
based approach are shown. Abbreviations:
IPD, (–)-trans-isopiperitenol dehydrogenase;

IPR, (–)-isopiperitenol reductase; PR, 
(+)-pulegone reductase; MFS, 
(+)-menthofuran synthase; MMR, 
(–)-menthone : (–)-(3R)-menthol reductase;
MNR, (–)-menthone : (+)-(3S)-neomenthol
reductase.



Genomics approaches have become increasingly popular to investigate the me-
tabolism of natural products in less-characterized exotic and/or medicinal plant
species. The root of ginseng (Panax ginseng) is known to be rich in ginsenosides,
which are glycosylated triterpenes (saponins) and considered to be the main active
compounds in ginseng root. Despite the commercial interest in ginseng, little is
known about the genes and biochemical pathways involved in ginsenoside biosyn-
thesis. To create a genomic resource, Jung et al. [128] sequenced 11 636 ESTs from
five different ginseng libraries. Numerous putative biosynthetic enzymes were
identified, including four oxidosqualine cyclase candidates putatively involved in
modification of the triterpene backbone. Random sequencing of an induced Taxus
cell cDNA library was carried out to identify clones involved in Taxol biosynthesis
[129]. Taxol is a structurally complex taxane diterpenoid (taxoid) with well-estab-
lished use as a chemotherapeutic agent. First isolated from bark of the Pacific yew
(Taxus brevifolia), Taxol is now produced semi-synthetically using natural source
taxoid intermediates [130]. To circumvent this dependence on biological sources
for Taxol manufacture, research has focused on elucidating the entire Taxol bio-
synthetic pathway. Jennewein et al. [129] reported surprisingly high abundances
for transcripts of several previously defined genes, cDNAs encoding two new cyto-
chrome P450 taxoid hydroxylases, and candidate genes for all but one of the re-
maining uncharacterized steps. Natural rubber biosynthesis was investigated us-
ing a genomics-based approach, wherein the latex of the Brazilian rubber tree
(Hevea brasiliensis) was used to develop a sequence library of over 20000 cDNA-
AFLP-based transcription-derived fragments (TDFs) and 1176 ESTs [131]. Despite
the availability of petroleum-based synthetics, natural rubber (cis-1,4-polyisoprene)
is highly valued because no synthetic substitute has comparable elasticity, resil-
ience and resistance to high temperature [132, 133]. Surprisingly, only seven gene
families accounted for more than 51% of the latex transcriptome, with rubber par-
ticle proteins REF (rubber elongation factor) and SRPP (small rubber particle pro-
tein) comprising 29% of the total ESTs. Several candidate rubber biosynthetic
genes were present, albeit at lower levels.

Logically, the next step toward gene discovery included the use of sequenced ele-
ments for transcriptional profiling. Several microarrays of ESTs isolated from
plants known to produce isoprenoids either constitutively or inducibly have been
reported. Recent examples have included microarray analyses of spider mite-in-
fested tomato [134] and cucumber [135] leaves. In both cases, spider mite (Tetranu-
chus urticae) herbivory-induced transcriptional up-regulation of enzymes involved
in the biosynthesis of monoterpenes and diterpenes, although a three-day delay
between transcriptional up-regulation and emission of volatile terpenoids was not-
ed in tomato. The late increase in volatile production coincided with an increased
olfactory preference of predatory mites (Phytoseiulus persimilis) for infested plants,
leading to the conclusion that tomato activates indirect defenses (volatile produc-
tion) to complement direct defense responses against spider mites. Transcription-
al analysis was used to identify novel scent-related genes in rose petals, using rose
flowers from tetraploid scented and nonscented cultivars. DNA chips were pre-
pared from an annotated petal EST database of ~2100 unique genes from both cul-
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tivars. Identification of secondary metabolism-related genes whose expression co-
incided with scent production, combined with detailed analysis of volatile compo-
sition in the two rose varieties, led to the discovery of several novel scent-related
candidate genes. The biological function of some of these clones, including a ger-
macrene D synthase, was determined using bacteria-expressed recombinant en-
zymes.

10.5

Phenylpropanoids

Phenylpropanoids are natural products derived from the aromatic amino acid 
l-phenylalanine. Coumarins, stilbenes, flavonoids/isoflavonoids, lignins and lig-
nans are among the important classes of metabolites that arise from a core phenyl-
propanoid pathway, which begins with the deamination of phenylalanine via PAL
(Fig. 10.3). Although a large proportion of polyphenolic products play defensive
and/or structural roles in the plant [136], certain volatile C6C1 benzoic acid deriva-
tives, which are generally included in discussions of phenylpropanoids because of
their presumed biosynthetic origin via side-chain shortening of hydroxycinnamic
acids (HCAs), serve to attract pollinating insects to flowers [137, 138]. Benzoic/ben-
zenoic volatiles are also partly responsible for imparting the unique aromas asso-
ciated with such herbs as sweet basil (Osimum basilicum) [139]. Certainly, more
than one metabolic route may exist in planta for these compounds. Isochorismate
synthase (ICS), for example, was shown to be required for the production of salicyl-
ic acid (SA) [140], circumventing PAL-catalyzed phenylpropanoid biosynthesis.
The C6C3 phenylpropane-based HCAs comprise a central pathway in phenylpro-
panoid metabolism (Fig. 10.3). Following phenylalanine-derived cinnamic acid for-
mation, cinnamate 4-hydroxylase (C4H) catalyzes the initial aromatic ring oxida-
tion to generate p-coumaric acid. The enzyme 4-coumarate:coenzyme A ligase
(4CL) then activates p-coumaric acid with an addition of a thioester-bonded coen-
zyme A group. Although the details are uncertain [136], a series of methyl trans-
fers, hydroxylations, and coniferylaldehyde dehydrogenase (CAD)-catalyzed reduc-
tions generate the monolignol precursors for lignin biosynthesis. Complex phenyl-
propanoids such as flavonoids, isoflavonoids, and stilbenes are formed by the con-
densation of a phenylpropane unit with malonyl-CoA (MCoA)-derived acetate
groups.

As with terpenoid research, the availability of the complete genome sequence of
Arabidopsis thaliana has proven an important tool to the area of phenylpropanoid
biochemistry, especially with respect to lignin biosynthesis. In a study by Costa et
al. [141], an exhaustive analysis of TIGR and TAIR databases, together with com-
piled EST sequence data, was carried out to determine the extent to which various
metabolic networks from phenylalanine to the monolignols were organized and/or
could be predicted. Although some 65 genes in A. thaliana had been annotated as
encoding putative enzymatic steps in monolignol biosynthesis, many of them had
only low homology to monolignol pathway genes of known function in other plant
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Fig. 10.3 Biosynthesis of phenylpropanoids
and isoflavonoids. Enzymes for which
corresponding molecular clones have been
isolated using a genomics-based approach
are shown. Abbreviations: PAL, phenylalanine
ammonia lyase; C4H, cinnamate 4-hydroxy-
lase; 4CL, 4-coumaroyl-CoA ligase; CVOMT,

chavicol O-methyltransferase; EOMT, eugenol
O-methyltransferase; CAD, coniferylaldehyde
dehydrogenase; IFS, isoflavone synthase;
HID, hydroxyisoflavonone dehydratase;
CYP81E7, isoflavonoid 2′-hydroxylase;
CYP81E9, isoflavonoid 5′-hydroxylase.



systems. As a result, only 13 genes could be classified as having bona fide function
in phenylpropanoid metabolism, whereas the remaining 52 genes were resigned to
“undetermined” physiological roles. The authors admitted that biochemical en-
zyme characterization and physiological studies were necessary to complement ge-
nomic database mining in order to discover new genes. In a follow-up report, Cos-
ta et al. [142] expressed 11 of the 14 undetermined genes originally annotated as
4CL homologues, and assayed empirically for 4CL enzyme activity. It was found
that four of the 11 recombinant proteins were catalytically active, confirming that
the 4CL gene family in A. thaliana had only four members.

The Arabidopsis genome sequence has also proven useful for identification of
glucosyltransferase genes involved in sinapate metabolism. Sinapic acid, a major
phenylpropanoid of the Brassicaceae family, is an intermediary compound in two
distinct metabolic pathways, leading to sinapoyl ester formation and lignin, respec-
tively [143–145]. Glucosyltransferases play key roles in the production of these
intermediates, either through the formation of sinapoylglucose leading to the pro-
duction of sinapoylmalate and sinapoylcholine, or through the production of sina-
pyl alchohol-4-O-glucoside, potentially leading to the syringyl units found in lig-
nins. In combining Arabidopsis genome sequence information with biochemical
data obtained via screening recombinant proteins for appropriate activities, Lim et
al. [145] identified five new sinapoyl-glucosyltransferase clones. As well as sinapate
metabolism, glycosyltransferases involved in flavonol glycoside biosynthesis in A.
thaliana have been cloned [146]. Candidate genes were selected based on sequence
homology to other known flavonoid glycosyltransferases, and corresponding T-
DNA knockout lines were used to identify plants lacking any glycosylated flavo-
nols. In planta observations and in vitro enzyme studies led to the cloning of UDP-
rhamnose:flavonol-3-O-rhamnosyltransferase and UDP-glucose:flavonol-3-O-gly-
coside-7-O-glucosyltransferase. A genomics-oriented review of glycosyltransferas-
es involved in plant secondary metabolism was recently published [147].

While Arabidopsis has provided a practical model system for the study of certain
glycosylated phenylpropanoid products, the use of this species to elucidate lignin
biosynthesis in conifers has conjured doubt. It came therefore as a surprise that ex-
pressed genes from wood-forming tissues of loblolly pine (Pinus taeda) displayed
substantial homology with A. thaliana genes [148]. Initially, analysis of 59 797 pine
ESTs revealed that only 50% of the expressed sequences had homologues in A.
thaliana or any other angiosperm in public databases. However, very different re-
sults were found when the pine ESTs were assembled into contigs containing long,
high-quality sequence data. For example, in contigs containing more than 1100 bp,
over 90% had an apparent Arabidopsis homologue. In another study, global tran-
script profiling of primary stems from A. thaliana identified candidate genes for
missing links in lignin biosynthesis and transcriptional regulators of fiber diffe-
rentiation [149]. Using near-full-genome Arabidopsis-spotted 70-mer oligonucleo-
tide arrays, discrete sets of candidate genes involved in various aspects of fiber cell
differentiation and maturation were identified, including novel candidates for
transcriptional regulation, monolignol polymerization, monolignol transport, and
phenylalanine biosynthesis.
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Notwithstanding the argument for A. thaliana as a model plant for the study of
lignin biosynthesis in conifers, EST databases have been developed and used suc-
cessfully in several coniferous plants, including loblolly pine, Eucalyptus globulus
and white spruce (Picea glauca). In fact, transcriptomics in pine predates the com-
pletion of the Arabidopsis genome project, wherein 1097 ESTs from gravistimulat-
ed immature xylem were sequenced [150]. This database was later employed for
the molecular cloning and expression of five laccase cDNAs in loblolly pine [151].
Laccases are multicopper oxidases believed to be involved in lignin oxidation
and/or degradation [152, 153].

Since the report of Allona et al. [150], the number of xylem-derived pine ESTs
has expanded to over 75 000 (http://web.ahc.umn.edu/biodata/nsfpine/) [154]. In-
vestigations involving microarray analyses have also been reported in Eucalyptus
species. Kirst et al. [155] correlated transcript abundance with trunk diameter vari-
ation, revealing coordinated down-regulation of genes encoding lignin biosynthet-
ic enzymes in fast-growing individuals. Additionally, quantitative trait locus (QTL)
analysis of transcript levels for lignin-related genes demonstrated that mRNA
abundance is regulated by two genetic loci. These two loci were shown to co-local-
ize with QTLs for trunk diameter increases, indicating that the same genetic re-
gions were responsible for regulating trunk growth and lignin biosynthesis. Fur-
ther microarray-based investigations of QTL involvement in differentiating xylem
were reported for a Eucalyptus hybrid, along with E. grandis and E. globulus parents
[156]. In this case, the genetic architecture of transcript regulation in different ge-
netic backgrounds was compared. Beyond pine and Eucalyptus, transcript profiles
of stress-related genes in developing white spruce somatic embryos have been ex-
amined [157]. The effects of polyethylene glycol (PEG) on the transcript levels of
512 stress-related genes were analyzed via microarray technique. As well as genes
encoding heat shock proteins, glutathione-S-transferases and cysteine proteases,
several genes involved in lignin biosynthesis were found to be differentially regu-
lated upon PEG treatment.

It is likely that model plant species such as pine, Eucalyptus and spruce will be
used well into the future for phenylpropanoid research. Although investigations of
lignin metabolism have relied heavily on coniferous systems, members of the
Leguminosae family have been used extensively to study flavonoids and isoflavo-
noids, along with myriad other products [158, 159]. While flavonoids are found
throughout the plant kingdom, isoflavonoids are more restricted, and are particu-
larly prevalent in the Papilonoideae subfamily of the Leguminosae. Due to the pur-
ported health-promoting activities of both flavonoids and isoflavones, in addition
to their uses as colorants [160] and phytoestrogenic agents [161], respectively, ma-
jor efforts have been made to elucidate the biosynthesis of these compounds. Prior
to the initiation of the Medicago Genome Initiative [162], soybean EST sequence
databases were being developed and used for the cloning of P450 enzymes in-
volved in isoflavone metabolism [163, 164]. Isoflavone synthase (IFS) catalyzes the
first committed step of isoflavone biosynthesis (Fig. 10.3), and was identified by
searching a fungal-infected soybean seed database of 1700 EST sequences [164].

Since these initial reports, most studies have relied on either Medicago truncatu-
la or Lotus japonica as model legume systems [159, 165]. Searches of public EST
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databases of both these species, in addition to EST databases for soybean
(http://www/tigr.org/tgi/) was necessary to identify 2-hydroxyisoflavonone dehy-
dratase (HID) (Fig. 10.3). Following the IFS-catalyzed biosynthesis of 2-hydroxyiso-
flavonone, a water molecule must be shed to convert the flavonone to a flavone.
The next steps in forming the more complex isoflavonoid products rely on P450
enzymes, three of which were identified by Liu et al. [166]. Mining of public M.
truncatula EST databases and screening of a root cDNA library led to identification
of the cytochrome P450 81E enzymes CYP81E7, CYP81E8 and CYP81E9; the cata-
lytic role of two of these is indicated in Figure 10.3. These monooxygenases were
found to be responsible for regiospecific hydroxylations of various isoflavonoids,
although some pathway details remained unclear. In the same year, Xie et al. [167]
randomly sequenced a cDNA library from young M. truncatula seeds, leading to
the identification of a clone encoding anthocyanidin reductase (BANYULS, abbre-
viated MtBAN). Like isoflavonoids, flavonoids are derived from precursor flavo-
nones, although branching of the flavonoid pathway occurs at leucoanthocyanidin,
which can form anthocyanins via ANS (anthocyanin synthase) or condensed tan-
nins via BAN.

In contrast to the aforementioned natural products, little is known about the bi-
osynthesis of phenylpropenes, a group of small phenolic molecules that are key fla-
voring agents in many important herbs and spices. Phenylpropenes are found in
peppercorns, cloves, nutmeg, cinnamon, allspice, pimenta, tarragon and basil
[168]; they are also important components of the defensive arsenal of plants or
function as pollinator attractants. Eugenol, for example, has antiherbivory and
antimicrobial properties [169, 170], while methyl-eugenol attracts pollinating
moths and bees to many flower types [65]. Conflicting reports have left unan-
swered questions regarding how the allyl/propenyl side chain of the phenylpro-
penes is formed [171–174]. Several recent elaborations on downstream reactions in
the pathway have been made, however, for which references are found in Section
10.4. Sweet basil EST sequence databases have been mined for both terpenoid-re-
lated genes and phenylpropenoid-related genes, as basil peltate glandular tri-
chomes contain volatiles belonging to both classes of secondary metabolites. Par-
ticular attention was paid to phenylpropenes by Gang et al. [175], when a biochem-
ical genomics approach was used to isolate chavicol O-methyltransferase
(CVOMT) and eugenol O-methyltransferase (EOMT). Gang et al. [139] used the
same EST sequence database to isolate a cDNA encoding a 3′-hydroxylase (CS 3′H,
or CYP98A13).

10.6

Alkaloids

Alkaloids are a large, diverse group of natural products found in approximately
20% of plant species. Generally characterized by the presence of a nitrogen atom
within a heterocyclic ring, many of the 12000 known alkaloids possess pharmaco-
logical activities and are widely used in medicine. Alkaloids draw on the products
of primary metabolism for their biosynthesis, with amino acids serving as their
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main precursors [176]. Unlike most other groups of secondary metabolites, the
structurally diverse alkaloids have independent biosynthetic origins. Tropane alka-
loids such as cocaine, atropine and scopolamine are derived from ornithine, ben-
zylisoquinoline alkaloids such as morphine, codeine and berberine are produced
from tyrosine, whereas tryptophan is used for the biosynthesis of the indole alka-
loids vinblastine and strychnine. The biosynthesis of benzylisoquinoline alkaloids
palmatine and berberine is shown in Figure 10.4, while nicotine/nornicotine bio-
synthesis is illustrated in Figure 10.5. Typically, multiple catalytic steps are re-
quired for the formation of the basic structural nuclei of alkaloids, along with sub-
sequent carbon-ring modifications and “decorative” hydroxylations, methylations,
acetylations and glycosylations [177]. Many of the different enzyme classes in-
volved in plant alkaloid metabolism are engaged in primary metabolism, or in the
formation of other natural products.

To date, about 40 genes encoding alkaloid biosynthetic enzymes have been
cloned [176, 178]. The vast majority of these clones were obtained using tradition-
al biochemical approaches, requiring enzyme purification and protein sequencing.
Morishige et al. [179] were the first to use EST sequence data for the molecular
cloning of a new gene involved in alkaloid biosynthesis. Using a high-metabolite-
producing Coptis japonica cell culture, 1014 cDNA clones were isolated and se-
quenced. Sequences corresponding to three previously reported C. japonica O-
methyltransferases – norcoclaurine 6-O-methyltransferase (6OMT), 3′-hydroxy-N-
methylcoclaurine 4′-O-methyltransferase (4′OMT), and scoulerine 9-O-methyl-
transferase (SOMT) – were present in the collection (Fig. 10.4). In addition, a nov-
el O-methyltransferase-like cDNA, S-adenosyl-l-methionine:columbamine O-
methyltransferase (CoOMT), which catalyzes the conversion of columbamine to
palmatine (Fig. 10.4), was also found. The study illustrated the utility of EST anal-
ysis for the isolation of new genes involved in benzylisoquinoline alkaloid biosyn-
thesis. Comparative macroarray analysis of opium poppy and various morphine-
free Papaver species was used to identify a P. somniferum O-methyltransferase
clone [180]. In this case, P. somniferum seedlings were used to develop a cDNA se-
quence library. Of the 849 sequenced elements, three were shown on a macroarray
to be differentially expressed in P. somniferum compared to non-morphine-produc-
ing species. Whereas two of these cDNAs showed no significant homology to any
known protein, one was found to encode a protein identified as S-adenosyl-l-me-
thionine(R, S)-3′-hydroxy-N-methylcoclaurine 4′-OMT (4′OMT). Recently, an EST
sequence database was used to obtain the P. somniferum clone of (S)-norcoclaurine
synthase (NCS; Fig. 10.4), which catalyzes the first committed step in benzyliso-
quinoline alkaloid metabolism [181].

A similar gene discovery strategy was used by Pilazke-Wunderlich and Nessler
[182], in which homologues for cell-wall-degrading enzymes were found during
random sequencing of an opium poppy latex cDNA library. Poppy elements puta-
tively encoding pectin methyltransferase (PME), pectin acetylesterase (PAE) and
pectate lyase (PL) were shown to express specifically in laticifers. Although the cor-
responding enzymes were not heterologously expressed, assays of latex serum con-
firmed the presence of PME, PAE and PL activities. Pectin-degrading enzymes
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Fig. 10.4 Biosynthesis of the benzylisoquino-
line alkaloids berberine and palmatine.
Enzymes for which corresponding molecular
clones have been isolated using a genomics-
based approach are shown. Abbreviations:
NCS, norcoclaurine synthase; 6OMT,

norcoclaurine 6-O-methyltransferase; 
4′OMT, 3′-hydroxy-N-methylcoclaurine 
4′-O-methyltransferase; SOMT, scoulerine 
9-O-methyltransferase; CoOMT,
columbamine O-methyltransferase.



with laticifer-specific expression suggested potential involvement of these en-
zymes in laticifer cell wall expansion and/or degradation. Poppy laticifers are
classed as articulated and anastamosing because of their compound origin and the
perforations that develop between the lateral walls of adjacent latex vessels. These
perforations lead to the long, continuous laticifer cell network found in mature
poppy. Since the cellular contents of this network are under positive pressure [183],
volumes of latex are released upon cutting. Understanding laticifer development in
opium poppy could lead to the prevention of perforations between initials, thereby
disallowing the illicit harvesting of opium latex via lancing techniques.

Piperidine alkaloid biosynthesis has also been studied using genomics ap-
proaches. The steps leading to the formation of nicotine and nornicotine in tobac-
co (Nicotiana tabacum) are illustrated in Figure 10.5. The production and accumu-
lation of nornicotine, a secondary product formed by the N-demethylation of nico-
tine, is undesirable because it serves as a precursor to the well-characterized carci-
nogen N′-nitrosonornicotine during the curing and processing of tobacco. Typical-
ly, nornicotine is a minor piperidine alkaloid in tobacco plants (<5% of total alka-
loid content). However, through a process termed “conversion”, plants that
accumulate nicotine as their principal alkaloid may give rise to progeny that metab-
olize a large portion (up to 95%) of leaf nicotine to nornicotine [184]. The enzyme
responsible for this conversion is the cytochrome P450 CYP82E4 (Fig. 10.5). Si-
minszky et al. [184] identified a small number of candidate P450 clones using a mi-
croarray-based strategy to identify genes that are differentially regulated between
predominantly nicotine- and nornicotine-accumulating plants. RNA interference-
induced silencing of these genes in nornicotine-accumulating plants resulted in
the suppression of nornicotine production, and further analysis revealed that
CYP82E4 was the only P450 directly responsible for nicotine N-demethylation.
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Fig. 10.5 Biosynthesis of nicotine and nornicotine. The enzyme for
which a corresponding molecular clone was isolated using a
genomics-based approach is shown. Abbreviation: CYP82E4,
nicotine N-demethylase.



Evidently, sequenced EST collections derived from alkaloid-producing plant va-
rieties provide information and materials specifically useful for the isolation of
genes involved in alkaloid metabolism. Whether genomic information derived
from non-alkaloid-producing plants is similarly useful is a matter of current debate
[14]. Plant species for which genome sequence data are currently available include
A. thaliana, rice, M. truncatula and other model organisms which are not known to
accumulate complex alkaloids. In spite of the apparent lack of complex alkaloid ac-
cumulation in Arabidopsis, completion of the A. thaliana genome sequence has
shown that genes involved in the biosynthesis of complex alkaloids in the exotic
plant species opium poppy, Madagascar periwinkle (Catharanthus roseus) and dead-
ly nightshade (Atropa belladonna) are represented by multiple A. thaliana homo-
logues [14, 185]. In the original publication describing the complete A. thaliana se-
quence, members of the Arabidopsis Genome Initiative [185] surmised that “…the
presence of 12 genes with sequence similarity to berberine bridge enzyme (BBE)
and 13 genes with similarity to tropinone reductase (TRI) suggests that Arabidopsis
might have the ability to produce alkaloids.” At the transcriptional level, Arabidop-
sis genes encoding putative enzymes BBE and strictosidine synthase (SS) – two key
proteins involved in benzylisoquinoline and monoterpenoid indole alkaloid biosyn-
thesis, respectively – were found to be regulated by methyl jasmonate and wound-
ing [186]. A postulated capacity for complex alkaloid biosynthesis was further cor-
roborated by the earlier detection of stress-inducible, putative BBE and tyrosine
transaminase genes in Arabidopsis [187], and the identification of a plant efflux car-
rier with the ability to transport berberine and related alkaloids [188].

Although Arabidopsis does accumulate the simple alkaloid camalexin as a phy-
toalexin [189], BBE, TRI and SS are key branch-point enzymes in the biosynthesis
of certain benzylisoquinoline, tropane and monoterpenoid indole alkaloids, re-
spectively, the occurrences of which have never been documented in A. thaliana.
While these enzymes catalyze reactions specific to complex alkaloid biosynthesis,
related enzymes would be expected to act on a broad range of substrates. For exam-
ple, a recently characterized tobacco BBE sequence homologue was functionally
identified as a glucose oxidase (NEC5) [190]. Both BBE and NEC5 are members of
the general FAD-dependent oxidoreductase family [190, 191]. Evidence for the ex-
istence of a novel gene family with similarity to C. roseus SS has been presented
[192]. Members of this family are found in a wide variety of organisms, including
vertebrates, insects, and nematodes. The Drosophila protein hemomucin is a well-
studied protein with an SS-like domain [192–194], although the function of hemo-
mucin and its other animal counterparts have not been established. While animal
members of the SS-like protein family have not been examined for SS activity,
these data suggest a role for such proteins in the coagulation process rather than
an involvement in complex alkaloid metabolism [194, 195].

The isolation of a berberine transporter might appear as strong support for the
occurrence of complex alkaloids in Arabidopsis. However, the common acceptance
of berberine as a substrate for such ATP binding cassette (ABC) carriers [196] sug-
gests that even the ABC transporter identified in Japanese goldenthread (Coptis ja-
ponica), a berberine-producing plant, is not necessarily involved in berberine me-
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tabolism [197]. An important undercurrent of the present debate is the well-
known, yet often overlooked, tenet that sequence homology is an insufficient da-
tum on which to base predictions of specific enzyme function, much less the over-
all biosynthetic capacity of a plant. The problem is due in part to the protocol used
to annotate genomic and EST data. Such annotations are intended only to identify
conserved sequence domains and to suggest putative functions as a guide to em-
pirical characterization. A combination of biochemical and molecular phylogenet-
ic approaches was used to investigate the evolution of benzylisoquinoline alkaloid
biosynthesis in angiosperms [181]. As part of the study, Consensus Bayesian trees
were derived from putative or functionally characterized FAD-dependent proteins
homologous to BBE. Gene products functionally characterized as BBE grouped to-
gether and were found only distantly related to putative BBE-like proteins from
non-alkaloid-producing plants such as Arabidopsis. Sequence similarity between
BBE-like genes from A. thaliana and functionally characterized BBE clones may re-
flect a shared, monophyletic origin, but the question of whether Arabidopsis homo-
logues retain BBE activity has yet to be investigated. Beyond BBE, a phylogenetic
analysis of proteins sharing homology with NCS was performed. Functionally
characterized NCSs from P. somniferum and T. flavum clustered together, distant
from uncharacterized homologues [181].

Since NCS catalyzes the first committed step in benzylisoquinoline alkaloid bio-
synthesis, plant species lacking NCS activity likely do not have the capacity for al-
kaloid production. A parallel conclusion may be drawn for plants lacking function-
al SS enzyme, which catalyzes the formation of the structural nucleus common to
all monoterpenoid indole alkaloids [176]. Homologues for SS also occur in the
Arabidopsis genome, albeit with low sequence identity with functionally character-
ized SSs. The limited similarity between NCS, or SS, and their Arabidopsis se-
quence homologues contrasts with the extensive identity between other groups of
alkaloid biosynthetic genes and their counterparts in the Arabidopsis genome. Se-
quence identities of 50–70% are not uncommon when comparing the decarboxy-
lases, methyltransferases, and P450-dependent monooxygenases involved in the
biosynthesis of berberine with sequence homologues in Arabidopsis [14]. Interest-
ingly, compared to the relatively isolated phylogenetic clustering of functional NCS
enzymes, the Consensus Bayesian tree for selected O-methyltransferases (OMTs)
shows a greater dispersal of functionally characterized OMTs [181]. The ability of a
plant species to synthesize a specific alkaloid may depend on the presence of a
functional, key entry-point enzyme, even if downstream enzymes retain some cat-
alytic activity. As suggested by Facchini et al. [14], the abundance of Arabidopsis se-
quences sharing homology with genes encoding benzylisoquinoline and mono-
terpenoid indole alkaloid biosynthetic enzymes may reflect an evolutionary phe-
nomenon known as exaptive evolution [198]. Genetic drift of a key enzyme no long-
er under selective pressure could cause an entire “shutdown” of a biosynthetic
pathway, as would hypothetically occur if either NCS or SS activity were to be lost.
Perhaps Arabidopsis displays a genomic fingerprint for complex alkaloid biosynthe-
sis, but the substrate specificity of some – if not all – of the gene products has
changed.
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10.7

Conclusion

Plant secondary metabolites can be defined as compounds that have no recognized
role in the maintenance of fundamental life processes in the plants that synthesize
them. Despite this rather dismissive description, secondary products play impor-
tant roles in the interaction of a plant with its environment, and many are econom-
ically, medically, and traditionally valuable. The question of how these often high-
ly complex compounds are biosynthesized in planta has motivated intense re-
search, and required the application of new technologies and approaches. Revolu-
tionary advances have been made in large steps, beginning with the use of radio-
tracing methods in the mid-twentieth century, followed by a reliance on tissue cul-
ture techniques and subsequently, molecular biology. Genomics represents the
most recent revolution in biology. The use of whole genome sequences and spe-
cies-specific EST collections has allowed rapid discovery of new genes involved in
plant secondary metabolism. Additionally, genomic tools have provided the means
necessary to understand intricate signaling and regulatory pathways, complex phy-
logenic relationships, and overall genetic architecture. The genomics revolution
has already had a major impact in the field of natural products research, and will
undoubtedly continue to lead to new discoveries.
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11

Biotechnology of Solanaceae Alkaloids: 
A Model or an Industrial Perspective?

Birgit Dräger

This chapter focuses on the plant family Solanaceae which, as parent plants for cell
and tissue cultures, are noteworthy for three main reasons:

1. Solanaceae produce several alkaloids of medical and biotechnological impor-
tance, namely the tropane alkaloids hyoscyamine and scopolamine, steroid alka-
loids, and nicotine (Figs. 11.1 and 11.2). Among these alkaloids, scopolamine is
medicinally the most important, with consumption several-fold higher than that
of hyoscyamine [1], mainly because it is used as the starting material for the
semi-synthesis of several important drugs. Both, scopolamine and the structu-
rally related hyoscyamine possess strong parasympatholytic activity, blocking the
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Fig. 11.1 Typical Solanaceae
alkaloids.
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parasympathicus action by binding to the muscarinic acetylcholine receptors in
synapses, without exerting any intrinsic activity.

2. Many other Solanaceae are important crop plants grown worldwide (e.g., potato
and tomato). Regulatory mechanisms concerning growth and biomass accumu-
lation are of major interest.

3. Solanaceae tissue cultures often grow vigorously and regenerate more easily
than do those of many other medicinal plants. Almost all tissue culture systems
known for plants have been realized, and some have been developed, with Solan-
aceae; these include root cultures, shoot cultures, and de-differentiated cells as
callus or cell suspension cultures.
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Fig. 11.2 Sesquiterpenoid
and glycoalkaloid phyto-
alexins from Solanaceae.



11.1

Culture Systems

11.1.1

The Early Days of Solanaceae Culture

Solanaceae root cultures as experimental systems for the study of alkaloid metab-
olism were first prepared more than 50 years ago, initially by cutting roots from
aseptically grown Datura ferox seedlings, followed by cultivation in liquid nutrient
medium [2]. Root cultures of Datura metel also formed tropane alkaloids and were
used to investigate the biosynthesis of the tropane ring structure [2–5]. Compar-
able root cultures of Nicotiana species in White’s nutrient medium [6] produced
nicotine; they showed differential preferences for nitrogen and carbon sources in
the nutrient medium for optimal growth and proliferation [7]. Solanaceae root cul-
tures could also be started from dedifferentiated cell suspensions of Hyoscyamus
niger by transfer of single cells or small cell aggregates to Linsmaier–Skoog’s me-
dium [8] devoid of auxin and with no or low concentrations of cytokinin (e.g.,
10–8 M benzyladenine) [9]. Root cultures from Duboisia species were obtained by
cultivation of spontaneously formed root primordia on callus in liquid medium
with 10–5 M indolebutyric acid as auxin supply [10]. Root cultures of Hyoscyamus
species were started by the excision of roots from sterile seedlings proliferated even
in the absence of phytohormones, and formed more than 1% dry mass (dm) tro-
pane alkaloids [11]. Similarly, roots excised from sterile Datura stramonium seed-
lings showed doubling times of 6 to 19 days, and produced hyoscyamine (0.2–0.6%
dm) and scopolamine (0.1–0.3% dm) [12].

In contrast, alkaloid formation by cell suspension cultures of Solanaceae is poor,
with H. niger cell suspensions showing only traces of alkaloids [9,13,14]. Likewise,
neither callus cultures of D. stramonium [15], Duboisia leichhardtii [16] nor several
callus cultures of Hyoscyamus species [11] showed any accumulation of tropane al-
kaloids. Calcium alginate immobilization of Datura innoxia cells increased alka-
loid production tenfold, but the final yield remained low (20 µg g–1 dm hyoscya-
mine and 8 µg g–1 dm scopolamine) [17]. Cell cultures of Hyoscyamus muticus pro-
duced only trace amounts of alkaloids, but were used for the selection of metabol-
ic variants. Cells resistant to the amino acid analogue p-fluorophenylalanine accu-
mulated high levels of cinnamoylputrescine. Root cultures regenerated from these
cells produced more hyoscyamine than control root cultures [18]. Early grafting ex-
periments [19,20] and an analysis of xylem sap [21] from Solanaceae had revealed
that nicotine and tropane alkaloids are formed in the roots and transported into the
aerial parts of the plants. A comparison of cultured roots with callus cultures of H.
muticus after application of MeJas, an elicitor of alkaloid formation (see Section
11.2.2.4), showed that early enzymes of tropane alkaloid formation were induced
only in the roots, and not in the callus [22]. This result confirmed the restriction of
alkaloid formation to roots and, in addition, claimed that differentiated root tissue
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is a prerequisite for alkaloid accumulation of more than trace quantities. The tran-
sition from root cultures to de-differentiated cell suspension was induced by trans-
fer to medium containing auxin (9 × 10–7 M 2,4-dichlorophenoxyacetic acid) and
cytokinin (4 × 10–7 M 6-benzylaminopurine) [23], and was followed in Datura stra-
monium by using NMR after 15N-nitrate and 15N-ammonium application. A de-
crease in alkaloid production during de-differentiation was accompanied by an
increase in production of the primary metabolites putrescine and ã-aminobutyric
acid [24].

11.1.2

Hairy Roots

An important step towards exploitation of cultured Solanaceae roots for both, alka-
loid production and study of biosynthesis and metabolism was the introduction of
“hairy roots” generated by transformation with Agrobacterium rhizogenes [25–27].
Roots of tropane alkaloid-producing species were shown to grow rapidly in simple
mineral nutrient media such as Gamborgs B5 [28] and, as with most other Agrobac-
terium rhizogenes-transformed root cultures, growth was independent of exoge-
nous phytohormone addition. These roots produced high levels of alkaloids
[29–32], for example 0.3% dm alkaloids for D. stramonium roots [29] (Table 11.1).
When root cultures were induced by different Agrobacterium strains, substantial
variation in alkaloid formation and growth characteristics as well as somaclonal
variation occurred repeatedly [33–35]. The rol ABC genes of the Ri plasmid of A.
rhizogenes were sufficient to sustain strong growth and high alkaloid production
(8 mg g–1 dm), with scopolamine concentrations rising to 2.5-fold those of hyoscya-
mine [36]. Once established, root cultures have proven to be more stable in metab-
olism during repeated subcultures than comparable cell suspension cultures [37].
The frequency of chromosome alterations was low in root cultures of D. stramoni-
um. Karyotypes of roots transformed with A. rhizogenes were even more stable than
those cultured after excision from seedlings [38]. Root cultures of many other me-
dicinal plants obtained by transformation with A. rhizogenes were examined as po-
tential sources of high-value pharmaceuticals (for a summary, see [39]). For practi-
cal purposes, long-term storage of tissue cultures is advantageous and proved pos-
sible for H. niger, where root cultures successfully cryopreserved using a vitrifica-
tion method were subsequently found to have a high regeneration rate of 93.3%
[40].

Shoots emerge spontaneously from root cultures, whether transformed by A.
rhizogenes or cut from sterile seedlings, thus proving the regeneration potency of
Solanaceae cultured tissues [55]. Potato plants obtained from shoot-forming root
cultures after A. rhizogenes transformation displayed typical phenotypic alterations
such as wrinkled leaves and abundant root growth, with reduced geotropism.
These alterations are attributed to the rol genes of the A. rhizogenes plasmid that is
transferred to the plant tissue during transformation [56], causing alterations in
phytohormones and polyamine metabolism in the plant tissues [57,58]. H. muticus
root cultures obtained by transformation with A. rhizogenes-regenerated plants that
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accumulated tropane alkaloids in the same concentration range as the non-regen-
erated, non-transformed plants [59]. Similarly, root cultures of a Duboisia hybrid
with a high scopolamine content formed shoots spontaneously. The regenerated
plants showed various degrees of Agrobacterium rol gene effects [60] and a wide
range of alkaloid content [50]. Concordant with the concept of alkaloid formation
bound to root tissue, isolated shoot cultures of Duboisia myoporoides were poor in
tropane alkaloids [61,62]. The rapid shoot-forming capacity of non-transformed So-
lanaceae callus and root cultures is useful for the micropropagation of rare or en-
dangered species of Solanaceae [63], and also for the in-vitro multiplication of cul-
tivars with desired horticultural traits [64,65].

11.1.3

Further Culture Systems

Many diverse cell culture concepts such as photoautotrophic cell cultures were first
realized with Solanaceae (e.g., for tomato and tobacco [66]), and consequently the
metabolism of secondary products – and alkaloids in particular – was investigated.
Tomato cell culture lines after elicitation with Fusarium oxysporum f. sp. lycopersici
increased the incorporation of phenolics into the cell walls, though phytoalexins
such as rishitin and capsidiol or the glycoalkaloid tomatine were not increased in
photoautotrophic, photomixotrophic, or heterotrophic cell lines [67]. Tobacco cells,
in contrast, accumulated the alkaloid nicotine in large quantities in heterotrophic
cultures and in moderate concentrations in photomixotrophic cultures, but not
under photoautotrophic conditions (Table 11.2). Treatment with a fungal elicitor
from Phytophtora megasperma f. sp. glycinea led to an accumulation of the phytoa-
lexin capsidiol in heterotrophic and photomixotrophic tobacco cells, whereas pho-
toautotrophic cultures formed only low levels. Nicotine levels were not affected by
elicitation with a fungal elicitor [68].

Glycoalkaloids such as solanine or tomatine, besides tropane alkaloids and nico-
tine, form another interesting group of Solanaceae alkaloids, because they may
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Table 11.2 Tobacco alkaloid production in cell suspensions and root cultures.

Species Alkaloid % dm mg L––11 Details Ref.

Cell suspension
N. tabacum Nicotine 0.032 14.4 Heterotrophic cell suspension 68
N. tabacum Nicotine 0.003 0.64 Photoautotrophic cell suspension 68
N. tabacum cv. By-2 Anatalline 0.054 – Cell suspension, MeJas-induced 69

Anatabine 0.48 – Cell suspension, MeJas-induced 69

Root culture
N. tabacum Nicotine 1.0 – Transformed with A. rhizogenes 70
N. tabacum Nicotine 1.1 – Transformed with rol genes of 

A. rhizogenes 71



serve as a potential alternative to diosgenin as source material for commercial ster-
oid drug synthesis (e.g., progesterone and cortisone). Glycoalkaloids occur mainly
in the genus Solanum and in the closely related Lycopersicon, which recently has
been grouped into Solanum [72]. Most glycoalkaloid terpenoid skeletons possess
similar steroid structures (Fig. 11.2) and may readily be converted to 16-dehydro-
pregnenolone acetate, a key intermediate in the synthesis of steroid drugs. Gly-
coalkaloids are found predominantly in Solanaceae shoots and leaves; in fact, they
are formed de novo upon the greening of tissues. A prominent example is the
greening of potato tubers in daylight, with concomitant accumulation of bitter and
toxic glycoalkaloids. Among dark-grown Solanaceae cell culture systems, root cul-
tures of Solanum aviculare proved superior to cell suspensions and callus cultures
for glycoalkaloid accumulation, and showed growth-dependent alkaloid accumula-
tion. The maximal alkaloid content was 0.6% dm in roots grown in Murashige
Skoog mineral salt mixture [73] with 8% sucrose in the medium [74]. Hairy root
cultures of Solanum mauritianum grew rapidly but contained only 0.013% dm so-
lasodine [75]. Although the optimization of media composition provided better
production, higher levels of solasodine were toxic towards the productive root cells.
Exogenous solasodine added to the medium inhibited growth, with steroidal alka-
loid production declining to negative values when >10 mg L–1 solasodine was add-
ed, indicating that the cells degraded or converted solasodine when present in high
concentrations. In-situ removal of the alkaloid was recommended for solasodine-
producing cell cultures systems [76]. Attempts were made to create immobilization
systems; for example, Solanum xanthocarpum cells were immobilized in calcium
alginate gel beads, but the solasodine content was only ca. twofold that in free cells,
and maximal in cells from stationary phase cultures. After elicitation of cells of Sol-
anum eleagnifolium (using a fungal elicitor obtained from Alternaria species), solas-
odine production was increased from 0.9 to 1.5 mg g–1 dm in suspension cultures,
and from 0.75 to 1.4 mg g–1 dm in immobilized cells [77]. However, these contents
were insufficient for economic production by cell cultures. Green shoot cultures of
Solanum dulcamara were obtained by transformation with Agrobacterium tumefaci-
ens and examined following the observation of glycoalkaloid accumulation, pre-
dominantly in green photosynthetic tissues. Different glycosylation patterns on the
steroid alkaloid basic molecule were stated in in-vitro tissues, which would basical-
ly not limit the use of steroid structures. The total glycoalkaloid content was only
ca. 0.8% g–1 dm shoot tissue [78], but the growth rate of the in-vitro shoots was suf-
ficiently rapid to be economically competitive.

In summary, Solanaceae are amenable to many tissue culture systems, with
properties of good growth and easy handling. Secondary compounds – and alka-
loids in particular – are found in most of these cultures, in variable concentrations.
Following the optimization of culture conditions or their precursors, the exploita-
tion of bioactive compounds for industrial production appears possible.
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11.2

Alkaloid Production

11.2.1

Choice of the Best Culture System

Tropane alkaloid-producing Solanaceae were among the first cell and tissue cul-
tures to be examined for the feasibility of economic production of alkaloids in fer-
menters. Tropane alkaloid concentrations in cell suspension or callus cultures
were low and, as a first attempt, high-producing cells were selected repeatedly in
order to exploit genetic variation among individual cell clones. Despite this, high-
producing and stable cell lines were not obtained [14]. Tropane alkaloid contents in
cell suspension cultures did not rise considerably by medium nutrient variation or
by elicitation, with the highest hyoscyamine content being only 0.045% in H. niger
suspension cultures (Table 11.1) [13].

Root cultures were evaluated for alkaloid productivity, and both, roots cultured
with growth-promoting phytohormones and those obtained after A. rhizogenes
transformation proved more promising. Large variations are evident when com-
paring root cultures of different origin for alkaloid productivity (e.g., see Table
11.1). The method of root culture initiation, for example by excision from seedlings
or by transformation with A. rhizogenes, appears not to be decisive for alkaloid pro-
duction. Two factors, however, were repeatedly described as influential:

• Rapid growth and biomass accumulation of cultured root is contrary to high al-
kaloid accumulation per biomass. Hyoscyamus root cultures, for example, grew
faster with more auxin in the nutrient medium, but alkaloid biosynthesis de-
creased [11]. Duboisia myoporoides root cultures selected for high alkaloid produc-
tion revealed those lines as highest producers that showed comparatively slow
growth [51].

• The parent plant has a major influence on the alkaloid productivity of the root
strain. Root cultures of Duboisia species repeatedly proved to be those with the
highest total alkaloid contents. In particular, they produce large amounts of sco-
polamine, which is of high market value. This is in concordance with Duboisia
hybrid plants also being the solanaceous species with high alkaloid contents
(3–7% tropane alkaloids of dry leaf mass). The major fraction in most Duboisia
plants is scopolamine [79,80].

11.2.2

Optimization Strategies

Consequently, yield optimization strategies were performed not only with Duboisia
root cultures but also with other species such as Datura sp. or Atropa belladonna.
The approaches were the same as routinely chosen for cell suspension cultures,
and mainly included:

244 11 Biotechnology of Solanaceae Alkaloids: A Model or an Industrial Perspective?



• optimization of light, gas and culture vessels;
• feeding of alkaloid precursors;
• nutrient medium variation; and
• elicitation

The following sections provide examples of the success of these optimization
methods.

11.2.2.1 Large-Scale Culture, Light, and Aeration
Roots of D. stramonium were successfully cultivated in a modified 14-L-stirred-tank
reactor. Both, batch or and continuous fermentation modes were performed, and
productivity was optimized by variation of incubation temperature and nutrient
supply. Nutrient consumption was dependent on the plant species and on growth
rates [81]. The highest production rate of 8.2 mg L–1·day hyoscyamine was ob-
tained with half-strength B5 medium and for roots growth at 30 °C [82]. Alkaloid
release into the culture medium was temperature-dependent [83]. Using an airlift
bioreactor (4 L) with an additional vertical mesh inserted to increase root anchor-
age, treatment with Tween 20 encouraged both growth and alkaloid productivity of
cultured roots of Datura metel. Scopolamine was produced at 0.84 mg L–1 ·day, and
70% was excreted. The scopolamine released into the culture medium was separ-
ated with an Amberlite XAD-2 column located in the media exit [84]. Transformed
root cultures of Atropa belladonna were cultivated in 3-L and 30-L modified stirred
bioreactors. After one month, 1.5 g tropane alkaloids were produced by the 30-L
reactor, comprising 5.4 mg atropine, 0.9 mg scopolamine, 1.6 mg 6-OH-hyoscya-
mine, and 2.0 mg littorine g–1 dm, respectively [85]. A hairy root clone of Duboisia
leichhardtii was cultured in a bioreactor connected to an Amberlite XAD-2 column
for entrapment of scopolamine. Nutrient medium was continuously exchanged.
After 11 weeks, 0.5 g L–1 scopolamine was obtained in the XAD-2 column. Polyure-
thane foam or stainless-steel mesh to support the hairy roots in the bioreactor in-
creased scopolamine recovery. In a two-stage culture (initially in medium opti-
mized for hairy root growth and subsequently in medium for scopolamine re-
lease), 1.3 g L–1 scopolamine was recovered during 11 weeks of culture [86]. Simi-
lar extractive fermentation techniques were examined for the production of other
of plant alkaloids [87].

The illumination of root cultures of D. stramonium, Hyoscyamus albus, and A. bel-
ladonna had variable effects. Within four weeks of light exposure, A. belladonna
roots turned green, and chlorophyll-containing plastids became visible microscop-
ically. The roots retained their typical anatomy, but alkaloid production decreased
[88]. Root cultures of H. albus after illumination showed slightly higher concentra-
tions of alkaloids, and in particular scopolamine was increased [89]. Root cultures
of Datura innoxia developed photosynthetically active chloroplasts under illumina-
tion and, in addition, produced significantly more tropane alkaloids (1.2% dm in
heterotrophic roots; 2.9% dm in photautotrophic roots) than control root cultures
in the dark [90].
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Enhanced oxygen gas supplementation in root cultures of D. myoporoides shifted
the alkaloid pattern in favor of more scopolamine production [91]. For A. belladon-
na roots, the specific growth rates, biomass yields and atropine levels were maxi-
mum at around 150% air saturation, demonstrating that roots cultivated in reac-
tors with air sparging are oxygen-limited [92]. By better oxygen saturation, root
growth to high density became possible and yielded more than 1 g L–1 scopolamine
within three weeks of culture [93]. Various culture vessels and fermentation strate-
gies have been designed and successfully applied for plant cell cultures, though
most of them are not applicable to cultured roots [94]. A. belladonna roots were suc-
cessfully cultivated in airlift reactors, but their alkaloid productivity was lower com-
pared with shake flasks [95].

11.2.2.2 Feeding of Alkaloid Precursors
Precursors of hyoscyamine and scopolamine biosynthesis (Fig. 11.3) were added to
the nutrient medium in order to overcome bottlenecks in metabolism and to
enhance alkaloid accumulation. The results, however, were not overwhelming.
Alkaloid accumulation was seen as variable, when N-methylputrescine, tropine,
phenylalanine, and tropic acid were applied to root cultures of H. niger [13]. In
roots of D. innoxia, addition of various precursors alone was ineffective in stimu-
lating hyoscyamine production. A short treatment with Tween 20 combined with
phenylalanine or phenyllactic acid application increased the level of hyoscyamine
by 40–60% [96]. Polyamine feeding (e.g., with putrescine and spermidine) showed
limited success for scopolamine content in D. myoporoides roots. The putrescine
analogues diaminomethane, diaminoethane, diaminopropane, and cadaverine in-
creased the scopolamine from 0.56% to 0.86%, 0.90%, 1.06%, and 1.04%, respec-
tively [97]. The results should be interpreted rather as an unspecific elicitation
effect (see Section 11.2.2.4) than as a specific precursor result. Diaminopropane
and cadaverine are not precursors of the tropane ring system; rather, they inhibit
the first specific enzyme of the pathway, putrescine N-methyltransferase (PMT) in
vitro (see Section 11.3.2). The influences of precursors of the tropic acid moiety and
the tropane bicyclic ring of hyoscyamine were tested separately in D. stramonium
root cultures. Feeding precursors for the tropic acid moiety either had no influence
or had a detrimental effect on hyoscyamine accumulation. Feeding putrescine, ag-
matine or tropine did not enhance alkaloid accumulation, but rather resulted in a
lowering of hyoscyamine levels [98]. Tropinone application doubled hyoscyamine
formation in root cultures of D. stramonium, but the absolute hyoscyamine level
was rather low (0.3% dm) in these roots [99].

11.2.2.3 Nutrient Medium Variation
As fast growth and alkaloid production had repeatedly been observed as opposi-
tional, a two-stage culture method, in which the first stage promotes lateral root in-
duction and the second stage enhances root elongation, was developed for non-
transformed root cultures of D. myoporoides. In the first culture stage (7 days), roots
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were cultivated in Nitsch and Nitsch medium supplemented with 3% sucrose and
10 µM indolebutyric acid as synthetic auxin. In the second stage (14 days), roots re-
ceived 5% sucrose in Nitsch and Nitsch medium and no auxin. Production of sco-
polamine reached 2.5 g L–1, when this two-stage culture was combined with a high-
density culture method [100]. A similar increase in alkaloids after increased su-
crose supply was reported for root cultures of Datura stramonium, Datura quercifo-
lia, Atropa baetica, and A. belladonna. When sucrose in D. stramonium root culture
medium (Gamborg’s B5 [28]) was varied systematically from 1% to 6%, the total al-
kaloid content rose tenfold [101]. In root cultures of D. quercifolia accordingly, 5%
sucrose in B5 medium was found optimal for hyoscyamine production (1.24% dm)
[46]. Root cultures of D. myoporoides and D. leichhardtii grew optimally in MS me-
dium with 7–10% sucrose, and showed best tropane alkaloid production under
these conditions [102]. In other root cultures, an increase of sucrose alone was not
as efficient as concomitant variation of carbohydrate and mineral supply in the me-
dium. Root cultures of A. baetica in half-strength Gamborg’s B5-medium with the
usual 3% sucrose grew slower than in full-strength medium, but contained ca.
50% more hyoscyamine and threefold more scopolamine [103]. For A. belladonna
roots, a decrease in mineral supply (half-strength Gamborg’s B5) was combined
with enhanced sucrose supply (5%) and increased both, hyoscyamine and calyste-
gines, which are nortropane alkaloids derived from the tropane alkaloid pathway
(Fig. 11.3) [44]. A detailed study of the sugar effect revealed contrasting results for
several monosaccharides, for example, mannose, glucose, fructose, and sorbitol on
growth and alkaloid formation. It was concluded that carbohydrates not only serve
as carbon sources but also show differential effects as signal compounds [44, 88].
The correlation of high carbohydrate and high alkaloids, however, may not be
generalized. Root cultures of a hybrid of Datura candida ×D. aurea in half-strength
Gamborg’s B5 medium supplemented with 5% sucrose were the best for root
growth, whereas full-strength B5 medium was optimal for hyoscyamine (0.36%
dm) and scopolamine (0.17% dm) accumulation [104].

11.2.2.4 Elicitation
The reaction of plant cells to stress of various nature by enhanced formation of
secondary product is termed “elicitation”. Elicitors are thus chemicals of biotic or
abiotic origin that provoke a plant-typical stress response [105]. Jasmonic acid and
the ester methyljasmonate (MeJas) were detected as signal compounds (Fig. 11.4)
following wounding or microbial infection of plant tissue [106–108]. They induce
the formation of many secondary product biosynthetic pathways, including sever-
al alkaloids. Nicotine formation was enhanced after wounding of Nicotiana sylves-
tris, and MeJas was the signal molecule [109]. The key enzyme of nicotine biosyn-
thesis, PMT (see Fig. 11.3) was induced upon elicitation with MeJas. Transcripts of
the tobacco PMT gene were detected only in the root, and enhanced transcription
was antagonized by ethylene [110,111]. In cell cultures of Nicotiana tabacum,
mRNA for ornithine decarboxylase, S-adenosylmethionine synthase and PMT
were induced simultaneously by MeJas. These enzymes provide precursors for nic-
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otine biosynthesis, and nicotine levels were enhanced subsequently. Auxin addi-
tion to the cell culture medium significantly reduced the accumulation of mRNA
for nicotine biosynthetic enzymes [112]. Other alkaloids deriving from nicotinic ac-
id, such as anatalline (4.8 mg g–1 dm) and anatabine (0.54 mg g–1 dm) (see Fig.
11.1) were enhanced after MeJas treatment of Nicotiana tabacum cv. By-2 cell cul-
tures [69]. MeJas, however, does not only affect genes coding for tobacco alkaloid
biosynthesis. Transcript profiling of elicited tobacco cells revealed an extensive
MeJas-mediated genetic reprogramming of metabolism, which correlated with
shifts in the biosynthesis of the metabolites investigated [113].

Tropane alkaloids, which share the same key enzyme PMT at the start of the
pathway, respond to elicitation in some cases only, and by a less drastic total alka-
loid increase. Copper and cadmium salts (1 mM), identified as abiotic elicitors in
other plant cells, induced rapid accumulation of sesquiterpenoid defense com-
pounds, for example, lubimin and 3-hydroxylubimin in root cultures of D. stramo-
nium. The sesquiterpenoids were undetectable in non-elicited cultures. However,
no change was seen in the total tropane alkaloid content. A considerable and rapid
release of alkaloid into the nutrient medium was observed (50–75% of total alka-
loids within 40–60 h) upon copper and cadmium elicitation. In cultures treated
with copper ions, the alkaloids were reabsorbed [114]. MeJas increased alkaloid for-
mation in hairy root cultures of D. stramonium as well as a cell wall preparation
from baker’s yeast and oligogalacturonides. In all cases, this was associated with an
increase in tropine but a decline in phenyllactate concentrations. Increased tro-
pane alkaloid synthesis was due to the differential enhancement of tropine biosyn-
thesis [115]. MeJas, 100 nM in the root culture medium, was found to be the most
effective concentration [101]. Root cultures of Hyoscyamus muticus responded to
elicitation with chitosan; 50–500 µg mL–1 culture enhanced the production of hyos-
cyamine fivefold. The response varied and was dependent upon the chitosan con-
centration and the time course of elicitation. Chitosan, like copper ions in D. stra-
monium roots, affected the permeability of the transformed roots, releasing hyos-
cyamine into the medium [116]. When examining the responses to MeJas treat-
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ment in detail, large increases in N-methylputrescine levels in normal and hairy
roots of H. muticus were detected. Levels of free putrescine and perchloric acid-sol-
uble conjugated putrescine, spermidine and spermine also increased dramatically.
Although treatment of root cultures with MeJas enhanced the precursors putres-
cine and N-methylputrescine, it provoked only modest increases in tropane alkaloid
tissue levels [117]. It appears that every individual tropane alkaloid-producing root
culture reacts in a specific way to elicitation. In Brugmansia candida root cultures,
several biotic and abiotic elicitors were tested. Salicylic acid (Fig. 11.4) increased the
release of hyoscyamine and scopolamine and enhanced their production. AgNO3

similarly increased scopolamine release (threefold) and total alkaloid accumulation
(five- to eightfold) in the roots; the inhibitory effects of AgNO3 and salicylic acid on
ethylene could partly explain these responses. Yeast extract enhanced the intracel-
lular content of both alkaloids (ca. threefold), and increased the release of scopola-
mine (sevenfold). CaCl2 had little effect on the accumulation or release of either al-
kaloid, while CdCl2 released both alkaloids (three- to 24-fold), but was highly detri-
mental to growth [118]. Similar effects for salicylic acid and MeJas were reported for
root cultures of Scopolia parviflora [119]. In root cultures, 200 µM MeJas increased
the alkaloid accumulation 25-fold up to a level of 1 mg g–1 fresh mass, while the
flavonoid quercetin enhanced alkaloid production tenfold to 0.4 mg g–1 fresh mass
within 24 h. In contrast, 100 µM salicylic acid decreased alkaloids to a level of
1 µg g–1 fresh mass [120]. Bacterial elicitors from Pseudomonas aeruginosa, Bacillus
cereus, and Staphylococcus aureus were also investigated and altered the ratio
between scopolamine and hyoscyamine. Absolute alkaloid concentrations were en-
hanced only slightly [121]. Considering the induction of tropane alkaloids by MeJas
in root cultures, it was tempting to reinvestigate callus cultures, which are closer to
dedifferentiated cell suspensions suited for large-scale production in fermenters
than to roots. Putrescine and N-methylputrescine increased upon treatment with
MeJas in root cultures of H. muticus, whereas in callus cultures N-methylputres-
cine levels were not affected. Arginine decarboxylase, ornithine decarboxylase and
diamine oxidase activities in root cultures were strongly stimulated by treatment
with MeJas, but were inhibited in callus cultures. Exposure to MeJas also enhanced
PMT activity in root cultures more than in callus cultures [22]. These results match
to the finding that the gene coding for PMT is transcribed specifically in the pericy-
cle of young roots of Atropa belladonna. Treatment of these A. belladonna roots with
MeJas did not up-regulate the expression of â-glucuronidase or the endogenous
PMT genes [122]. Accordingly, a root culture of A. belladonna did not respond with
increased total alkaloid concentration upon elicitation. A. belladonna, like many So-
lanaceae, produces calystegines in addition to the tropane ester alkaloid hyoscya-
mine. Calystegines were monitored upon chitosan and MeJas treatment within one
to six days, and they decreased in concentration [44].

In summary, the contents of tropane alkaloids in Solanaceae root culture systems
were optimized to impressive yields. Nonetheless, the production of tropane alka-
loids from root cultures remains uneconomic in comparison with very good plant
sources available [79,80]. The impact of Solanaceae cell cultures lies in providing
material for the elucidation of alkaloid biosynthetic steps and their regulation.
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11.3

Alkaloid Biosynthesis

11.3.1

Tropane Alkaloid Metabolites, Enzymes and Products

Despite the biosynthetic pathway of tropane alkaloids being depicted almost uni-
versally in textbooks of plant natural products, only two enzymes specific to the bi-
osynthesis of hyoscyamine have been isolated and characterized (Fig. 11.3): PMT
(EC 2.1.1.53) and the tropine-forming tropinone reductase (EC 1.1.1.206). Further,
hyoscyamine-6-hydroxylase (EC 1.14.11.11), which catalyzes the formation of sco-
polamine from hyoscyamine, has been cloned and characterized in detail. Al-
though most metabolic steps in tropane alkaloid formation have been elucidated
using radioactive precursors and subsequent metabolite analysis, this method is
prone to errors if not interpreted with caution, since assumed precursor molecules
may be metabolized without participating in the plant’s endogenous biosynthetic
pathway (e.g., see [123]).

It is only 15 years ago that hydroxylated nortropane alkaloids, the calystegines,
were structurally elucidated in extracts from roots of Calystegia sepium, Convolvu-
laceae [124]. Based on the nortropane structure, it was soon hypothesized that ca-
lystegines are formed via the tropane alkaloid pathway, and consequently tropane
alkaloid-containing Solanaceae were investigated for calystegines [125,126]. Specif-
ic extraction and purification schemes were developed for the hydrophilic alka-
loids, together with modified chromatographic procedures [127,128]. Calystegines
were measured in many Solanaceae tissues; they also accumulate in root cultures
but not in dedifferentiated cell suspension (Table 11.3). Calystegines resemble
monosaccharides in structure, and were shown (somewhat unsurprisingly) to be
potent inhibitors of glycosidase activity [129]. They are known to be widespread
among the Solanaceae, not only in the species forming the tropane ester alkaloids
but also in members of the large genus Solanum (e.g., potato) [130]. Erythroxyla-
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Table 11.3 Calystegine accumulation in root cultures.

Species/root culture Total calystegines Details Reference
% dm mg L–1

Atropa belladonna 0.2 17.1 Transformed with A. rhizogenes 44

Hyoscyamus albus 0.16 – Excised roots from seedlings 126

Hyoscyamus aureus 0.08 – Excised roots from seedlings 126

Hyoscyamus muticus 0.11 – Excised roots from seedlings 126

Hyoscyamus niger 0.11 – Excised roots from seedlings 126

Hyoscyamus pusillus 0.04 – Excised roots from seedlings 126

For comparison: 016 22.8 Transformed with A. rhizogenes 133
Calystegia sepium
Convolvulaceae



ceae also contain calystegines, but they are taxonomically remote from Solanaceae
[131]. Erythroxylum species, however, are renowned for their cocaine content; the
cocaine molecule also contains a tropane bicyclus. Biosynthesis of calystegines and
their tropane nucleus in Erythroxylum species awaits elucidation. Current knowl-
edge on calystegine biosynthesis and biochemistry has been summarized [132].

11.3.2

Putrescine N-methyltransferase (PMT)

Formation of the tropane bicyclus in Solanaceae begins by methylation of the ubiq-
uitous diamine putrescine (see Fig. 11.3). This reaction is common to both, tro-
pane and nicotine biosynthesis, and the enzyme PMT was initially extracted and
measured from tobacco plant roots [134–137] and callus cultures [138]. Root cul-
tures of D. stramonium [136,139,140], of Hyoscyamus albus [141,142], and of H. ni-
ger [143] contain PMT with catalytic properties similar to those of the tobacco en-
zyme. The cDNA of the pmt gene was cloned from tobacco (EMBL Accession No.
D28506) [144] and from Nicotiana sylvestris (EMBL Accession Nos. AB004322,
AB004323, AB004324) [110].

The pmt gene was shown to be expressed exclusively in the root pericycle of A.
belladonna [122] and in the endodermis, xylem and outer cortex cells of Nicotiana
sylvestris roots [110]. Expression was monitored by fusion of the 5′-flanking regions
of the PMT genes to the â-glucuronidase reporter gene. The results offer an expla-
nation for the inability of dedifferentiated cell suspension to synthesize tropane al-
kaloids: specific pericycle cells are required for pmt expression in tropane alkaloid-
containing plants. Tobacco pmt, in comparison, is expressed in several cell types,
among them root cortex parenchyma cells, to which dedifferentiated suspension
cells may be similar. In tobacco, pmt is stress-responsive and inducible by MeJas
[109–112]. In contrast to the tobacco pmt promoter [145], no MeJas responsive ele-
ment was identified in the promoter region of A. belladonna pmt [122]. A detailed
deletion analysis of the N. tabacum pmt promoter showed that as little as 111 bp up-
stream of the transcriptional start site were sufficient to confer MeJas-responsive-
ness. Deletion of a conserved G-box element (GCACGTTG) at –103 to –96 bp com-
pletely abolished MeJA-responsiveness. Further mutagenesis studies revealed
that, in addition to a functional G-box, MeJA-responsiveness of the PMT promoter
also required a TA-rich region and a GCC-motif (TGCGCCC) located at –80 to
–69 bp and –62 to –56 bp relative to the start site, respectively, indicating multiple
intersecting signal transduction pathways and different transcriptional regulatory
factors involved in MeJas-response of PMT expression in tobacco [146]. Some pmt
expression was also observed in tobacco leaves after mechanical wounding. This
expression was highly localized around the wound site and proved to be transient,
with levels being maximal immediately after wounding but diminishing after
2–4 h [147]. PMT expression is also regulated by auxin; in cell suspensions and root
cultures, auxin was repeatedly observed to decrease nicotine and tropane alkaloid
accumulation (see Sections 11.2.1 and 11.2.2.3). In fact, pmt gene transcription is
suppressed upon auxin application [88, 112, 148].
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The PMT protein resembles spermidine synthase (SPDS; EC 2.5.1.16), a ubiqui-
tous enzyme which is considered to be the evolutionary ancestor of PMT in tobac-
co [149]. As calystegines are assumed to be formed via the tropane biosynthetic
pathway, Solanum tuberosum and calystegine-forming Convolvulaceae should also
contain PMT activity in order to build up the tropane alkaloid skeleton. Alternative-
ly, it may be hypothesized that PMT is not required, because the bicyclic nortro-
pane skeleton arises directly from putrescine without methylation via oxidation
and condensation with three carbons. The alternative pathway for calystegines
does not contain tropinone reductases and PMT [150]. In order to answer this
question for potato, the cloning of a putative PMT gene was undertaken and, after
expression, the corresponding cDNA yielded an enzyme with catalytic properties
similar to those of tobacco and D. stramonium PMTs [151]. cDNA sequences ho-
mologous to pmt were also isolated from C. sepium, the cDNA is currently ex-
pressed (M. Teuber and B. Dräger, unpublished results). The results suggest a
similar biosynthetic sequence for the formation of the tropane bicyclus in all these
species with PMT as key enzyme.

The subsequent steps from N-methylputrescine to tropinone have been deduced
mainly from precursor feeding. A diamine oxidase is thought to be involved in N-
methylputrescine oxidation in tropane alkaloid, as well as in nicotine formation
[152], but a specific enzyme was only partially purified from H. niger [153]. Later, a
methylputrescine oxidase which differed from diamine oxidase was purified from
tobacco roots [154]. The reactions from 4-aminobutanal, the N-methylpyrrolinium
cation, and the formation of the tropane bicyclus are somewhat hypothetical [155].

11.3.3

Tropinone Reductases

For a long time – mainly because of their strong pharmacological effects – the tro-
pine esters hyoscyamine and scopolamine were taken as the major tropane alka-
loids in Solanaceae, on the basis of both quantity and activity. It was thought ac-
cordingly that during the course of its biosynthesis, tropinone was reduced stereo-
specifically to tropine (3α-tropanol) (Fig. 11.3) and not to the isomeric pseudo-
tropine (3â-tropanol). Measurement of tropinone-reducing enzyme activities in
D. stramonium protein extracts confirmed this view: tropine only was found as re-
duction product, and pseudotropine was not formed [156]. The first tropinone re-
ductase purification from H. niger, however, yielded an enzyme specific for pseu-
dotropine formation [157]. In addition, pseudotropine was proved not to be isomer-
ized into tropine in plant tissues [158]. Consequently, as that enzyme was not re-
sponsible for tropine formation, the existence of another tropinone reductase
forming tropine was postulated. Two separate tropinone reductases were purified
from H. niger root cultures [159], and also from D. stramonium root cultures [160].
A. belladonna root cultures also contained two specific enzymes [161]; the tropine-
forming enzyme was termed TRI (EC 1.1.1.206), and the pseudotropine-forming
enzyme TRII (EC 1.1.1.236). TRII activity was found to be strong in many Solana-
ceae tissues; for example, shortly after the application of tropinone, pseudotropine
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accumulated faster than tropine [161]. Esters of pseudotropine (e.g., of acetic acid
or tiglic acid) were identified only as minor alkaloids in those plants, and the meta-
bolic role of TRII and the destination of pseudotropine formation were enigmatic,
until calystegines were brought into the context of tropane alkaloid biosynthesis.
The structure of calystegines contains an equatorial hydroxyl group in position 3,
the typical feature of pseudotropine (Fig. 11.3). Accordingly, a typical TRII was iso-
lated and characterized from potato tubers that contain calystegines, but not the
tropane esters hyoscyamine and scopolamine [162]. It is now accepted that the
pseudotropine-forming TRII is responsible for calystegine biosynthesis, while TRI
is required for the formation of tropine, which is integrated into hyoscyamine and
scopolamine.

A comparison of TRI and TRII enzymes from D. stramonium [160,163] and from
H. niger [159] revealed proteins with similar properties, but with different catalytic
and kinetic behavior. The molecular mass of the protein subunits was determined
to be between 28 000 and 30 000 Da in each case. Sequencing of cDNA coding for
D. stramonium TRs confirmed the protein subunits to consist of 273 (TRI) and 260
(TRII) amino acids with molecular masses of 29 615 Da and 28 310 Da, respective-
ly [164]. Amino acid sequence homology (167 identical amino acid residues, 64%)
and comparison of conserved amino acid motifs grouped both tropinone reductas-
es into the family of short-chain dehydrogenases with their typical amino acid mo-
tifs [165,166]. All TRs require NADPH as reducing co-substrate; the enzymes are
somewhat permissive for the ketone substrates, but strictly specific for the posi-
tioning of the resulting alcohol group.

The similarity in protein and catalysis of both reductases, but the apparent differ-
ences in reaction stereospecificity, were intriguing. Differential tropinone accep-
tance and fixation were suspected to be responsible for the selective formation of
tropine and pseudotropine [163]. Reaction velocity, substrate affinity, and pH opti-
ma for TRI and TRII are conspicuously different (summarized in [167]). After het-
erologous expression in E. coli, sufficient enzyme protein was available for crystal-
lization and protein structure elucidation of TRI and TRII [168–170]. Modeling of
the tropinone binding site of TRI and TRII proved two different methods of sub-
strate fixation. Positioning of the substrate in an optimal angle for hydride transfer
from NADPH is considered an important prerequisite for efficient catalysis, and
the enzyme proteins must be able to adjust to each transition state of the reaction
[171].

11.3.4

Hyoscyamine-6ââ-Hydroxylase

Subsequent esterification of tropine was shown to occur with phenyllactic acid, the
first esterified alkaloid being littorine, which also accumulates in some Solanaceae
and in root cultures of the respective plants [172–177]. Rearrangement of the phen-
yllactic acid moiety of littorine to yield hyoscyamine was demonstrated by labeled
precursors and NMR [178–180], but not elucidated on an enzymatic level. There
are various suggestions for the rearrangement mechanism, for example, an oxida-
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tive reaction [181–183] or, alternatively, a radical mechanism with S-adenosylme-
thionine as source of a 5′-deoxyadenosyl radical, which initiates the rearrangement
[184,185].

Hyoscyamine is oxidized to form scopolamine by an oxoglutarate-dependent
dioxygenase, the hyoscyamine-6â-hydroxylase (H6H) [186]. The enzyme, which
was purified and characterized from a H. niger root culture [186,187], performs a
two-step reaction, first hydroxylating hyoscyamine in 6-position and subsequently
forming the epoxy group of scopolamine [188,189]. Antibodies against the purified
enzyme enabled localization of the H6H protein in the pericycle of root diameters
of H. niger [190]. GUS-fusions to the promoter region of the h6h gene from A. bel-
ladonna and immunohistochemistry confirmed pericycle expression of h6h [191].
This finding similar to specific localization of PMT enforces the conclusion of dif-
ferentiated root tissue being necessary for tropane alkaloid biosynthesis. Cloning
of the h6h gene [192] and transformation of A. belladonna with h6h cDNA yielded
plants with a drastically increased scopolamine production [193].

11.4

Solanaceae Model Systems for Transformation and Overexpression

H6H overexpression in A. belladonna was the first proof of functional heterologous
expression of a tropane alkaloid pathway enzyme and, thereby, directed alteration
of the alkaloid yield and pattern. The success triggered many further efforts to use
the cloned genes of tropane alkaloid formation for overexpression. Transformation
protocols applied either A. rhizogenes transformation or particle bombardment by
a biolistic device. Efficient regeneration of fertile plants after transformation, how-
ever – even with Solanaceae – was a major obstacle, and remains difficult. A regen-
eration protocol after transformation of H. muticus with particle bombardment was
optimized [194].

PMT overexpression in transgenic plants of Nicotiana sylvestris increased nico-
tine content; suppression of endogenous PMT activity severely decreased the nico-
tine content and induced abnormal morphologies. In contrast, PMT-overexpress-
ing transformants of A. belladonna were phenotypically normal and had hyoscya-
mine levels (1.3–2.4 mg g–1 dm) comparable to those for the wild-type and vector
controls. The only difference was some accumulation of N-methylputrescine [195].
Transgenic hairy root clones had a fivefold increase of the PMT transcript, but sco-
polamine, hyoscyamine, tropine, pseudotropine, tropinone, and calystegines were
found unaltered or somewhat decreased. Auxin addition reduced tropane alkaloids
in control roots as seen before, while in pmt-overexpressing roots, all alkaloids re-
mained unaltered [148]. The unchanged alkaloid profiles after augmented PMT ex-
pression indicated that enforcing this enzyme alone was not sufficient to increase
tropane alkaloid synthesis in A. belladonna plants and hairy roots. After pmt over-
expression in hairy root cultures of D. metel, both hyoscyamine and scopolamine
production were improved, whereas in H. muticus only hyoscyamine contents were
increased by pmt gene overexpression. The results indicate that the same biosyn-
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thetic pathway in related plant species is regulated differently, and overexpression
of a given gene does not necessarily lead to a similar accumulation pattern of sec-
ondary metabolites [196].

For nicotine production, PMT appears to be largely regulating the whole subse-
quent biosynthetic pathway. Suppression of pmt transcripts by virus-induced gene
silencing [197], by pmt antisensing, or by pmt inverted-repeats yielded plants with
decreased nicotine contents that were preferred by herbivorous insects [198,199].
pmt antisensing did not reduce the transcript levels of other genes encoding en-
zymes of nicotine biosynthesis (e.g., quinolinate phosphoribosyltransferase regu-
lating the synthesis of nicotinic acid). The pyridine ring is used for both, nicotine
and anatabine synthesis. Elevated anatabine levels in antisense-PMT roots were
observed and may be a direct consequence of a relative oversupply of nicotinic ac-
id [200].

The activities of tropinone-reducing enzymes are usually high and considered as
not limiting for tropine formation [159]; consequently, these enzymes were not pri-
mary targets for overexpression. The feasibility of TRI overexpression was shown
in tobacco plants that, after tropinone application, formed tropine and acetyltro-
pine as esterification product [201]. Overexpression of tropine-forming tropinone
reductases became interesting with the understanding that tropinone reduction
forms a branch point in tropane alkaloid metabolism (Fig. 11.3). Overexpression of
either tropinone reductase was attempted in species that accumulate both tropine-
derived alkaloids and calystegines. Transformation of A. belladonna with cDNA of
tropinone reductases altered the ratio of tropine-derived alkaloids versus pseudotro-
pine-derived alkaloids [202].

Root cultures of A. belladonna overexpressing h6h contained 0.4% dm total alka-
loids, with 0.3% dm scopolamine. In control roots, hyoscyamine (0.3% dm) is the
major ester alkaloid [203]. Tobacco plants overexpressing h6h were equally able to
convert externally applied hyoscyamine into scopolamine [204]. Leaves of tobacco
plants simultaneously transformed with pmt and h6h (T1 progeny) were fed with
tropinone and hyoscyamine. They converted externally applied hyoscyamine into
scopolamine and, besides the expected TRI reaction product tropine, acetyltropine
was generated. In addition, leaves of the transgenic plants showed three- to 13-fold
higher nicotine content and nicotine-related compounds such as anatabine, nor-
nicotine, bipyridine, anabasine, and myosmine [201]. h6h was also introduced into
H. muticus, and root cultures were obtained. The best root clone produced
17 mg L–1 scopolamine – approximately 100 times more than the control clones
[52]. Simultaneous introduction and overexpression of PMT and H6H in transgen-
ic H. niger hairy root cultures yielded higher levels of scopolamine than wild-type
and transgenic lines harboring a single gene (pmt or h6h). The best root line pro-
duced 411 mg L–1 scopolamine, ninefold the corresponding wild-type with
43 mg L–1 [53]. This productivity is comparable with the production of paclitaxel in
cell suspension culture of Taxus species, which presents the latest example of in-
dustrially applied secondary compound production in plant cell cultures [205].

The decision as to whether tropane alkaloid production in root cultures now
crosses the line between a model system and an economically feasible alternative
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to field cultivation remains hampered by good plant sources and thereby compar-
able cheap prices for these alkaloids. For other alkaloids (e.g., taxanes), production
in fermenters appeared highly attractive, when a similar productivity was achieved
[206].

11.5

Conclusion and Future Aspects

11.5.1

More Genes and Enzymes

For successful metabolic engineering of tropane alkaloid formation, irrespective of
whether this is intended for tissue cultures or intact plants, all enzymatic steps of
the biosynthesis must be characterized. The genes encoding the enzymes and the
corresponding regulatory gene sequences also await characterization. Alkaloid bio-
synthetic pathways in plants other than Solanaceae are better known at present,
with more enzymes and genes having been isolated, sequenced, and characterized.
A prominent example is the recent metabolic engineering of benzoquinoline alka-
loid biosynthesis based on the particular knowledge of pathway enzymes [207],
where transgenic plants of opium poppy (Papaver somniferum) have been blocked
for morphine production [208, 209]. Another example of a secondary compound
pathway, which has been largely elucidated during the past years, is taxane forma-
tion in Taxus species [210]. Natural enzymes will not remain the only instruments
for overexpression, as many secondary pathway enzymes show some substrate
flexibility and accept synthetic analogues of their natural ligands [211, 212]. Direct-
ed evolution of enzymes (for a review, see [213]) and alteration of enzymatic speci-
ficities – also termed “combinatorial biochemistry” (for a summary, see [214]) – fol-
lowed by the introduction of the corresponding genes into plant tissue will open
the way to variant and novel alkaloids and other natural products. In flavonoid bio-
synthesis, where many enzymes and their genes have been investigated in detail,
impressive examples of targeted manipulation in the biosynthetic pathway have
been published (summarized in [215, 216]).

The complex flavonoid biosynthesis was also the first secondary product path-
way, where individual transcription factors for gene activity were described [217,
218]. The elucidation of more regulatory mechanisms – for alkaloid biosynthesis in
particular – will become mandatory for successful metabolic engineering. The first
example for transcription factors regulating alkaloid biosynthesis are ORCAs
(octadecanoid responsive Catharanthus AP2-domain proteins), which are involved
in jasmonate signaling inducing strictosidine synthase for monoterpene alkaloid
formation [219,220]. Comparable regulatory genes at hand, induction and fine-tun-
ing of tropane alkaloid biosynthesis will become less like trial and error. Other
gene elements have also been found to regulate plant transgene expression, for ex-
ample the cis-acting amplification-promoting sequences (aps) from the non-tran-
scribed spacer region of tobacco ribosomal RNA. Analysis of transgenic tobacco
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plants showed that aps increased the copy number and transcription of the adja-
cent heterologous genes and both, increased transgene copy number and en-
hanced expression were stably inherited [221]. This and other regulatory elements
will be helpful tools for designing plants or tissue cultures with desired metabolic
traits.

The question remains as to which approaches are useful for straightforward
identification of genes involved in alkaloid biosynthesis? With high-throughput hy-
bridization and sequencing systems at hand, transcript profiling of jasmonate-elic-
ited tobacco cells was combined with alkaloid metabolite analysis. Upon MeJas
treatment, extensive genetic reprogramming of metabolism was observed [113].
Careful selection of promising target sequences and in-depth analysis is prone to
detect genes regulating alkaloid biosynthesis in tobacco in the future. A similar
concept was successfully applied for the detection of genes of morphine biosynthe-
sis in Papaver somniferum, with macroarrays with cDNA having been prepared for
differentiating expression between morphine-containing P. somniferum plants and
eight other Papaver species that accumulate other benzylisoquinolines instead of
morphine. Among three cDNAs showing increased expression in P. somniferum
compared to all other Papaver species, one encoded a novel O-methyltransferase,
thus proving the potency of the concept [222]. In the future, potent genomics tools
will be combined with metabolic profiling to identify key genes that serve for engi-
neering secondary product pathways [223]

11.5.2

Compartmentation, Transport, and Excretion

For large-scale production in fermenters, the excretion of alkaloids into the medi-
um is desirable. When the h6h gene from H. niger was overexpressed in Nicotiana
tabacum, externally applied hyoscyamine was taken up, and up to 85% of the sco-
polamine formed was released to the culture medium [224]. The mechanism of se-
cretion is unknown in this case, but membrane transport may be hypothesized.
When ATP-binding cassette (ABC) transporter genes from yeast were expressed in
cultured tobacco cells, exogenously applied nicotine, hyoscyamine and scopola-
mine were less toxic than in control cells. It was assumed that the engineered to-
bacco cells were able to excrete the alkaloids [225].

The toxicity of alkaloids to the cells that produce them must be considered as a
major constraint of high-level production, and efficient compartmentation of the
toxic products is necessary. Storage in the vacuole is often assumed, but this de-
mands transport of the metabolites through the tonoplast as well as secretion
through the plasmalemma. A cDNA encoding an ABC-transporter was cloned
from a berberine-producing Coptis japonica cell culture [226], whereupon function-
al analysis showed that the encoded protein transported berberine and was local-
ized in the plasma membrane of C. japonica cells. In the plant, the protein is local-
ized in the xylem of the rhizome and is held responsible for berberine transport
from the root to the rhizome [227, 228].
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Further examples of membrane transport being fairly specific and highly regu-
lated for each secondary metabolite also exist. Genes for such transporters will be
important for systematic metabolic engineering aimed at increasing the productiv-
ity of valuable secondary metabolites in plants [227]. In addition, consecutive en-
zymes of secondary product pathways may be exclusively localized to individual
specialized cell types and demand transport of metabolites between those cells. Ex-
amples are essential oil biosynthesis in glandular trichomes [229], formation of
terpenoid indole alkaloids in several cells types of Catharanthus leaf ([230]), or mor-
phine biosynthesis in vascular bundles and lactifers of opium poppy [231, 232].
Highly ordered translocation processes that involve transport proteins must be
elucidated when attempting to understand how plants regulate the formation and
accumulation of natural product profiles, and which are the limitations of biosyn-
thesis and accumulation [233].
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Plant Cell Cultures: Production of Biologically Important 
Secondary Metabolites from Medicinal Plants of Taiwan

Mulabagal Vanisree and Hsin-Sheng Tsay

Abstract

Plants are capable of synthesizing an overwhelming variety of organic compounds,
termed “secondary metabolites”, usually with unique and complex structures. The
evolving commercial importance of the secondary metabolites has during recent
years resulted in great interest in secondary metabolism, and particularly in the
possibility of altering the production of bioactive plant metabolites by means of cell
culture technology. Advances in biotechnology, most notably in methods of cultur-
ing plant cells and tissues, have resulted in new approaches to the commercial pro-
duction of rare plants and the bioactive compounds that they produce. The princi-
pal advantage of this technology is that it may provide a continuous, reliable source
of plant pharmaceuticals, and could also be used for the large-scale culture of plant
cells from which these metabolites can be extracted. Different strategies, using in-
vitro systems, have been extensively studied to improve the production of biologi-
cally active secondary metabolites. This chapter focuses on the application of plant
cell cultures in the production of bioactive secondary metabolites. In addition,
some plant cell culture protocols for the production of important secondary metab-
olites from Taiwan medicinal plants are described.

12.1

Introduction

The plant kingdom provides a wide variety of natural products with diverse chem-
ical structures and a vast array of biological activities. Over the years, many of these
compounds have found applications in the health sciences such that today, medic-
inal plants are very important to the global economy [1], with approximately 85% of
traditional medicine preparations involving the use of plant or plant extracts. Much
of the traditional healthcare industry is highly dependent on wild populations to
supply raw materials for the extraction of medicinally important compounds. The
isolation of active compounds from plants is sometimes very difficult due to their
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extremely low concentrations. Furthermore, when the raw material is scarce or its
chemical production is too low, the industry – at present – lacks viable methods to
produce the desired plant-derived active compounds. In addition, some active com-
pounds are available only in endemic or extremely rare plants. Consequently, there
is great interest in developing alternatives for the production of bioactive secondary
metabolites of commercial importance. Biotechnological approaches such as plant
cell cultures offer rapid and efficient methods for the production of these high-val-
ue medicinal compounds in cultured cells [2].

Plant tissue culture can be defined as a process whereby small pieces of living
tissues explants are isolated from an organism and grown aseptically on a nutrient
medium under controlled conditions. The potential of plant tissue culture tech-
niques to produce useful secondary metabolites, especially, for drug development,
were first perceived during the late 1960s. The major advantages of cell culture sys-
tems over the conventional cultivation of whole plants are:

• Useful compounds can be produced under controlled conditions independent of
climatic changes or soil conditions.

• Cultured cells would be free of microbes and insects.
• The cells of any plants, whether tropical or alpine, could be easily be multiplied

to yield their specific metabolites.
• Automated control of cell growth and rational regulation of metabolite processes

would contribute to reductions in labor costs and improvements in productivity.
• Organic substances are easily extractable from callus cultures.

It should be possible to achieve the synthesis of a broad spectrum of secondary me-
tabolites with complex chemical structures using plant tissue culture technology.
In addition, the novel compounds which have not been found previously in plants
or have never been synthesized chemically could also be produced by cell cultures.
In this respect, many research groups demonstrated the outstanding metabolic ca-
pacities of plant cell cultures, and highlighted the variability of plant cell biosyn-
thetic capacity. Moreover, this variability could be exploited to identify high-yield-
ing cultures for use on an industrial scale [3–6]. Ongoing research in plant cell cul-
ture is largely focused on identifying the rate-limiting steps in biosynthetic path-
ways, while other approaches such as elicitation, precursor feeding, cell immobil-
ization, in-situ product removal and bioreactor design have led to enhancements
production. The strong and growing demand for natural, renewable products has
refocused attention on in-cell culture techniques as potential routes to the produc-
tion of biologically active secondary metabolites. Indeed, recent advances in molec-
ular biology, enzymology and fermentation technology of plant cell cultures have
suggested that these systems will become a viable source of important secondary
metabolites.

During the past decade, many investigations into the biosynthetic capabilities of
various cell cultures have been conducted by plant scientists and microbiologists
worldwide. At present, advances in tissue culture, such as improvements in genet-
ic engineering (specifically, transformation technology) have opened new avenues
for the high-volume production of pharmaceuticals, nutraceuticals and other ben-
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eficial substances [7]. This chapter will focus on the importance of cell culture
methods in the production of some of these biologically active secondary metab-
olites. In addition, some interesting cell culture protocols used to produce biologi-
cally important secondary metabolites from Taiwan medicinal plants are outlined.

12.2

Cell Culture Protocols for Biologically Important Secondary Metabolites

Cell cultures are preferred for large-scale production processes, due mainly to the
rapid cell growth cycles that permit the generation of large quantities of cells. This
is then coupled to quantitative and/or qualitative analyses of growth responses and
the metabolism of novel chemicals. Studies on the growth, development and me-
tabolism of plant cells have provided – and continue to provide – a better under-
standing of plant cell biology and tissue physiology, and this in turn generates the
impetus for bioprocess design. The main goals of plant cell process development
are to achieve a high product concentration, high productivity, and high product
yields using novel biosynthetic approaches. Consequently, during the past few
years a vast number of applied research investigations have been conducted to im-
prove the commercial applications of plant cell culture techniques.

The longstanding, classic examples of commercially viable productions of secon-
dary metabolites in cell culture include shikonin production by cell suspension cul-
tures of Lithospermum erythrorhizon, berberin production by cell cultures of Coptis
japonica, rosmarininc acid production by cell cultures of Coleus bluemii, and gin-
senosides from Panax ginseng. More recently, research groups have aimed at devel-
oping new strategies for streaming the critical bioprocesses to produce antitumor
compounds such as paclitaxel (Taxol) from Taxus species, podophyllotoxin from
Podophyllum peltatum, camptothecin from Camptotheca acuminata, and vinblastine
and vincristine from Catharanthus roseus.

Recently, plant cell cultures have become the focal point of procedures to pro-
duce interesting bioactive secondary metabolites from the medicinal plants of Tai-
wan. As a country, Taiwan is situated in the tropic and subtropic zones, but also
possesses a temperate zone based on the ecological systems of its high mountains.
Taiwan’s abundant botanical resources have provided the country with a reputa-
tion as a natural botanical garden. Indeed, surveys have shown that almost 7000
species of vascular plants grow in Taiwan, including at least 4477 native species
and approximately 2500 introduced species. More importantly, many of these
plants have medicinal uses. Based on the initial exciting findings for the produc-
tion of medicinal compounds using cell cultures, an array of research investiga-
tions have been undertaken in the area of plant cell, tissue and organ cultures to
produce valuable medicinal compounds from traditional medicinal plants collect-
ed in Taiwan. As a part of the this program, we have successfully established cell
culture methods to produce imperatorin from Angelica dahurica, corydaline and
tetrahydropalmatine from in-vitro-grown tubers of Corydalis yanhusuo, alkyl feru-
lates from Dendrobium tosaense, diosgenin from Dioscorea doryophora, gentipicro-
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side and swertiamarin from Gentiana, anthraquinones from Polygonum multiflor-
um, cryptotanshinone from Salvia miltiorrhiza, harpagoside from Scrophularia
yoshimurae, anthocynanins from Solanum melongena, and paclitaxel from Taxus
mairei.

12.2.1

Production of Imperatorin from Angelica dahurica var. formosana

Angelica dahurica var. formosana, commonly known as “Bai-Zhi” in Chinese, is a
valuable medicinal herb used to treat headache and psoriasis in China [8]. The con-
stituent imperatorin (1) is the major active ingredient for curing the skin disease
[9]. A. dahurica is a perennial and indigenous plant in Taiwan [10], but cannot be
grown in sufficient quantities using conventional cultural methods to meet de-
mands. Consequently, cell suspension culture methods to produce imperatorin be-
came imperative. In order to establish a rapidly growing and finely dispersed cell
suspension culture, the best medium composition was half-strength Murashige
and Skoog (MS) medium [11] supplemented with 1 mg L–1 2,4-dicholorophenoxy-
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acetic acid (2,4-D), 0.1 mg L–1 kinetin, and 3% sucrose. All cultures were routinely
subcultured at an interval of 14 days.

In a growth cycle of the suspension cells, imperatorin production was maximal
between 10 and 14 days. Growth conditions, especially with regard to nutritional
factors optimal for imperatorin production, were also investigated. The MS basal
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medium was found to provide the best cell growth, whilst deletion of auxins from
the medium improved imperatorin production. Likewise, the addition of benzylad-
enine (BA) (0.5–1 mg L–1) promoted imperatorin synthesis in the cell suspension.

A moderate ammonium nitrate:nitrate ratio (2 : 1) in the medium led to in-
creased imperatorin production, as did an increased phosphate concentration (-
from 1 to 2 mM). Glucose was found to be better carbon source than either sucrose
or fructose in terms of imperatorin production. When studying possible stimulato-
ry effects of elicitors on imperatorin synthesis, vanadyl sulfate added to cell sus-
pension cultures (30 mg L–1 on day 10) led to significant increases in imperatorin
production, but this was also partly dependent upon the growth stage of the cells.
Addition of the adsorbent Amberlite XAD-7 (20 g L–1) to suspension cells on day 10
of culture led to a rapid and drastic (140-fold compared to control culture;
460 µg g–1 dry wt) increase in imperatorin synthesis [12, 13]. Thus, the cultured
cells clearly possessed the biosynthetic potential of the intact plants from which
they were derived. Moreover, such potential could be further facilitated by the ad-
dition of stimulants to the culture medium.

12.2.2

Production and Analysis of Corydaline and Tetrahydropalmatine from 
Corydalis yanhusuo

The genus Corydalis (Fumariaceae or Papaveraceae) comprises approximately 320
species, widely distributed in the northern hemisphere. Of these species, about 70
have been used in traditional herbal remedies in China, Japan, and Korea [14]. The
dried and pulverized tubers of Corydalis yanhusuo, also known as Rhizoma corydal-
is or yan-hu-suo are a rich source of several pharmacologically important alkaloids
[15]. These are used in traditional Chinese medicine to treat gastric and duodenal
ulcers, cardiac arrhythmia [14], rheumatism, and dysmenorrhea [16]. C. yanhusuo
is a slow-growing herb which is susceptible to fungal diseases that cause serious
crop losses and also affects the quality of the tubers. In order to achieve high pro-
ductivity, homogeneity and good tuber quality, it is necessary to obtain pathogen-
free planting material [17]. Clearly, plant regeneration via in-vitro culture of C. yan-
husuo would be useful for the mass propagation of this important medicinal plant
over a short time period.

A protocol for complete plant regeneration via somatic embryogenesis from tu-
ber-derived callus, and the production of bioactive compounds such as d,l-tetrahy-
dropalmatine (2) and d-corydaline (3) from the tubers of somatic embryo-derived
plants has been standardized in our laboratory [18]. Primary callus was induced by
culturing mature tuber pieces on a medium supplemented with 2.0 mg L–1 BA and
0.5 mg L–1 α-naphthalene acetic acid (NAA) in darkness. Somatic embryos were in-
duced by subculturing the primary callus on medium supplemented with various
concentrations of cytokinins, within two weeks of culture in light. The converted
somatic embryos of C. yanhusuo were cultured for one month on different treat-
ments (growth regulators) in order to promote tuberization and to assess their ef-
fect on the accumulation of protoberberine alkaloids. Somatic embryo-derived
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plants were also maintained individually on 0.1 mg L–1 GA3 and 0.5 mg L–1 paclo-
butrazol for six months to ascertain the effect of age on alkaloid accumulation. Fig-
ure 12.1 illustrates well-developed tubers formed after six months of growth on
medium containing 0.1 mg L–1 GA3 (Fig. 12.1A) and 0.5 mg L–1 paclobutrazol (Fig.
12.1B). After one and six months of culture in different treatments, the tuber alka-
loid contents were analyzed using high-performance liquid chromatography
(HPLC). Somatic embryos cultured on 0.1 mg L–1 GA3 for six months were found
to contain high concentrations of both d,l-tetrahydropalmatine and d-corydalin in
the tubers. The highest content of corydalin was ca. 3.8 mg g–1 dry weight after six
months’ culture on 0.5 mg L–1 paclobutrazol. Supplementation of an amino acid
precursor such as tyrosine [19] to the culture medium may further improve the
production of these compounds.

27312.2 Cell Culture Protocols for Biologically Important Secondary Metabolites

Fig. 12.1 Somatic embryo-derived tubers of Corydalis yanhusuo formed
after 6 months of culture on: (A) half-strength MS medium supplemented
with 0.1 mg L–1 GA3; and (B) half-strength MS medium supplemented
with 0.51 mg L–1 paclobutrazol. (Scale bars: A = 9.17 mm; B = 6.31 mm.)
Note: A color version of this figure is available in the color plate section.

12.2.3

Identification of Alkyl Ferulates in Micropropagated Plants of Dendrobium tosaense
MAKINO

Dendrobium is the second largest genus in the entire family Orchidaceae, and ex-
hibits a vast diversity in vegetative and floral characteristics. The genus is of con-
siderable interest due to its broad geographic distribution and high value of hy-
brids as a floricultural commodity [20,21]. The stems of Dendrobium species, also
known as Shih-hu (Japanese: sekkoku; English: Dendrobium stem), are used in tra-
ditional Chinese medicine as a tonic to improve the digestion and to promote the
production of body fluid, nourishing “yin” and eliminating “evil-heat” [22]. “Shih”
means rock, while “hu” means living; this signifies the plant living on rocks, refer-
ring to the saxicolous habit of the species [23]. Dendrobium was first recorded in
Shen-Nung-Ben-Cao-Jing (the earliest Chinese medicine herbs book, published
more than 1900 years) under the “Inferior Category”, and was also recorded in the
successive Pen-ts’aos of the subsequent dynasties.



Due to the destruction of habitat, ruinous harvesting practices, and over-harvest-
ing for commercial purposes in tropical countries, the population of orchids is
steadily declining such that today, in-vitro methods are being used to conserve and
propagate these medicinally important orchids. The present authors established an
efficient [24] method for the propagation of Dendrobium tosaense plants via asymbi-
otic germination of seeds pollination germinated after being cultured on full-
strength or half-strength MS medium devoid of plant growth regulators and with
3% sucrose. Germinated seedlings after transfer to MS medium with 1.5% sucrose
and 8% banana homogenate or potato homogenate or coconut water and 20 weeks’
incubation developed into healthy plantlets (Fig. 12.2A). These well-developed
plantlets were transplanted to moss or moss and tree fern or tree fern as substrates
in plastic trays, and then transferred to a greenhouse for hardening (Fig. 12.2B).
Plants grown in the greenhouse for a period of six months were extracted with
methanol and evaluated for their antioxidant activity using the 1,1-diphenyl 2-pi-
crylhydrazyl radical (DPPH) assay. D. tosaense scavenged DPPH 95.9%, at a con-
centration of 0.4 mg mL–1. The methanol extract was fractionated further and the
fractions evaluated for antioxidant activities. The active fractions were purified fur-
ther through bioguided purification using column chromatography, which result-
ed in identification of antioxidant components, alkyl ferulates (4) from D. tosaense
[25].
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Fig. 12.2 Asymbiotic seed germination and ex-vitro establishment of plants of
Dendrobium tosaense. (A) Optimum seedling growth after 5 months on MS
basal medium + 8% banana homogenate + 1.5% sucrose. (B) Hardened
plants after 6 months in the greenhouse. (Scale bars: A = 0.82 cm; B = 6 cm.)
Note: A color version of this figure is available in the color plate section.

12.2.4

Production of Diosgenin from Dioscorea doryophora by Cell Suspension Cultures

Dioscorea spp. (Dioscoreaceae) is frequently used as a tonic in Chinese traditional
medicine. The tubers of Dioscorea doryophora are in great demand as they are used
not only as a crude drug but also as a food. The most active ingredient found in the
tuber is diosgenin, which can be used as a precursor for many important medici-
nal steroids such as prednisolone, dexamethasone, norethisterone, and meteno-
lone [26].



In order to increase the diosgenin yield and to facilitate the purification process,
we have established a cell suspension culture of D. doryophora [27]. Cell suspension
cultures were obtained from microtuber and stem node-derived callus in liquid
culture medium supplemented with 0.1 mg L–1 2,4-D, 3% sucrose, and incubated
on a rotary shaker at 120 rpm. Although 6% sucrose was found to be optimum for
the growth of cell suspension culture, cells cultured in 3% sucrose-containing me-
dium produced higher level of diosgenin (5). Analysis by HPLC revealed that both
stem-node and microtuber-derived suspension cells contained diosgenin. The con-
tent of microtuber-derived cell suspension culture contained 3.2% diosgenin per
gram dry weight, whereas, the stem-node-derived cultures contained only 0.3%. As
the amount of diosgenin obtained from tuber-derived cell suspension was high
and comparable with that found in the intact tuber [28], cell suspension culture
could be used for production of diosgenin.

12.2.5

Establishment of Gentiana davidii var. formosana (Hayata) T. N. Ho Cell 
Suspension Cultures

The genus Gentiana (Gentianaceae) comprises about 400 species distributed
worldwide [29]. The bitter principles of Gentianaceae constitute many pharmaco-
logically important compounds, which justifies the use of most species of this fam-
ily in traditional medicine or for the preparation of bitter tonics [30]. In Taiwan, 11
species and two varieties of the genus Gentiana have been identified [31]. Among
the species in Taiwan, Gentiana davidii var. formosana is the most widespread,
ranging from low to high elevation throughout the central mountain range of the
island. The whole dried herb, collected from the wild habitat, is used as a crude
drug in traditional medicine in Taiwan. However, the plant is fully protected by law
in Taiwan, and collection of plants from the wild habitat is illegal. In spite of its im-
portance, a general method for commercial cultivation has not been reported for G.
davidii. A cell suspension culture might represent a more suitable alternative to the
pharmaceutical industry for obtaining the important bioactive compounds.

We have optimized the conditions for establishment of cell suspension cultures
of G. davidii for the production of gentipicroside (6) and swertiamarin (7), the two
pharmacologically important compounds. The influence of factors such as plant
growth regulator addition, shaker speed, light intensity, medium pH and incuba-
tion period on growth of G. davidii cells in suspension cultures were also studied
[32]. The callus cultures were initiated by culturing the stem internode explants in
the dark for six weeks at 25±1°C on MS basal medium containing 0.2 mg L–1 kin-
etin and 1.0 mg L–1 NAA (Fig. 12.3A). Cell suspension cultures were established
using the stem-derived callus (Fig. 12.3B). Among the various concentrations of
2,4-D, NAA, â-indole acetic acid (IAA) and kinetin tested, optimal cell growth was
obtained when the callus was cultured in 25 mL of liquid MS basal medium sup-
plemented with 0.2 mg L–1 kinetin and 3% sucrose. The cultures were rotated at
80–100 rpm at 25 ±1 °C and low light intensity of 2.33 µE m–2 s–1. The cells in-
creased in size and turned brown when the cultures were rotated below 60 rpm,
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and the cell sizes were small when the shaker speed was 120 rpm. Cultures incu-
bated under either higher light intensity or darkness showed a slower growth rate.
Optimal cell growth was obtained when callus cultured in 25 mL liquid MS basal
medium supplemented with 0.2 mg L–1 kinetin and 3% sucrose, pH 4.2–5.2, incu-
bated in light 2.33 µE m–2 s–1 at 25 ±1°C, at 80–100 rpm shaker speed. In the sus-
pension cultures, maximum content of gentiopicroside was observed in 24-day-old
cultures, while the highest content of swertiamarin was obtained in 12-day-old cul-
tures. The final developed system will be of assistance in studying the effects of
precursor feeding on the content of active principles.

12.2.6

Quantitative Analysis of Anthraquinones Emodin and Physcion formed in 
In-Vitro-Propagated Shoots and Plants of Polygonum multiflorum

Polygonum multiflorum, a perennial vine-like herb, is one of the most important
and widely used Chinese medicinal herbs of the family Polygonaceae. The vine is
known as Ye-Jiao and the root tubers Ho-shou-wu, which is used as tonic and in
many Chinese medicines [33,34]. Ethnopharmacologically, it is a tonic for anemia,
neurasthenia, and hypercholesterolemia, and is used clinically to treat coronary
heart disease, hyperlipidemia, neurosis, and other diseases commonly associated
with aging.

An efficient and rapid protocol for the in-vitro induction and complete plant re-
generation of P. multiflorum has been developed [35]. Nodal explants were grown in
vitro on MS basal medium containing different concentrations of NAA and BA.
Maximum multiplication of shoots (97%) was obtained on a medium supplement-
ed with 0.2 mg L–1 NAA and 2.0 mg L–1 BA after six weeks of culture (Fig.
12.4A–L). However, between 88% and 100% of shoots (1.0 cm in length) elongated
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Fig. 12.3 (A) Induction of Gentiana callus from stem segments cultured
on MS basal medium with 3% sucrose, 1 mg L–1 α-naphthalene acetic acid
(NAA), and 0.2 mg L–1 kinetin for 8 weeks. (B) Established suspension
cultures from the stem-derived cells. Note: A color version of this figure is
available in the color plate section.
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Fig. 12.4 Induction and multiplication of
multiple shoots in the nodal explants of
Polygonum multiflorum Thunb. Nodal explants
cultured for 6 weeks on MS basal medium
with 3% sucrose, 1% Difco agar, without
growth regulators. (A) With 0.2 ng L–1

α-naphthalene acetic acid (NAA); 
(B) 0.2 ng L–1 NAA and 0.5 mg L–1 benzyl-
adenine (BA); (C) 0.2 ng L–1 NAA and
1.0 mg L–1 BA; (D) 0.2 ng L–1 NAA and
2.0 mg L–1 BA; (E) 0.2 ng L–1 NAA and
4.0 mg L–1 BA; (F) 0.2 ng L–1 NAA and

8.0 mg L–1 BA; (G) 0.5 ng L–1 NAA and
2.0 mg L–1 BA; (H) 1.0 ng L–1 NAA and
2.0 mg L–1 BA; (I) 2.0 ng L–1 NAA and
2.0 mg L–1 BA; (J) 4.0 ng L–1 NAA and
2.0 mg L–1 BA; (K) 8.0 ng L–1 NAA and
2.0 mg L–1 BA; (L) in-vitro-propagated
plantlets transferred to autoclaved soil and
grown under greenhouse conditions with 
high humidity, after 2 weeks (M) and after 
3 months (N). Note: A color version of this
figure is available in the color plate section.



(ca. 3.02–4.28 cm) and rooted on MS basal medium supplemented with NAA or in-
dole-3-butyric acid (IBA). All rooted shoots were transferred to pots containing au-
toclaved soil, vermiculite and peat moss (1 : 1 : 1). The plantlets were successfully
acclimatized under greenhouse conditions with high humidity before being trans-
ferred to the field (Fig. 12.4M,N). The presence of the anthraquinones, emodin (8)
and physcion (9), in in-vitro-grown shoots and plants grown in the greenhouse
were determined using HPLC. Analysis showed that concentrations of the major
medicinal compounds (emodin and physcion) in the six-week in-vitro-grown
shoots and three-month-old in-vitro-propagated plants grown in the greenhouse
were greater than those of the marketed crude drug (processed underground or in
the stem parts of P. multiflorum). These results indicate that, under defined cultu-
ral conditions, it is possible to produce shoots with a high emodin and physcion
content within a short period (six weeks), and that these compounds could be used
for pharmacological evaluation.

12.2.7

Production of Cryptotanshinone from Callus Cultures of Salvia miltiorrhiza Bunge

Salvia is an important genus consisting of approximately 900 species within the
family Lamiaceae. Some species of Salvia have been cultivated worldwide for use
in folk medicine. For example, Dan-shen, the dried roots of Salvia miltiorrhiza
Bunge, is a very popular Chinese medicines that is widely used to promote blood
circulation, to remove blood stasis, to relieve pyrexia and vexation, nourish the
blood, tranquilize the mind, and cool the blood for relief of carbuncles [36]. The
major active principles of the organic extract of Dan-shen are tanshinones, the qui-
noid diterpenes [38]. Since Dan-shen preparations constitute a basis for consider-
able commercial activity, there is continued interest in the biotechnology-based
production of tanshinones [37–40]. In our continuing investigations into the use of
tissue cultures of medicinal plants to produce bioactive secondary metabolites, we
have developed a method to produce cryptotanshinone from S. miltiorrhiza
through callus cultures.

The effect of BA on cryptotanshinone formation by Salvia miltiorrhiza was exam-
ined using a primary callus. This was induced by culturing leaf explants on MS ba-
sal medium supplemented with 1.0 mg L–1 2,4-D, in darkness. The callus prolife-
rated further on MS basal medium containing 1.0 mg L–1 2,4-D and 0.5 mg L–1 BA,
and was found (by HPLC analysis) to contain small amounts (0.26 ±0.05 mg g–1

dry wt) of cryptotanshinone (10). The omission of 2,4-D from the medium result-
ed in a marked increase in callus cryptotanshinone content. During the culture pe-
riod the callus acquired a deep red color (Fig. 12.5). HPLC analyses showed the
cryptotanshinone content of callus cultured on MS basal medium supplemented
with 0.1, 0.2, 0.5, 1.0, and 2.0 mg L–1 BA to be significantly higher than that of the
marketed crude drug (processed from underground portions of S. miltiorrhiza).
The maximum yield of cryptotanshinone (4.59±0.09 mg g–1 dry wt.) was observed
in the callus cultured on MS basal medium supplemented with 0.2 mg L–1 BA for
60 days [41].
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12.2.8

Harpagoside Production in Micropropagated Plants of Scrophularia yoshimurae
Yamazaki

Scrophularia yoshimurae (Scrophulariaceae) is an indigenous herbaceous perennial
plant of Taiwan, and is a substitute for S. ningpoensis in traditional Chinese medi-
cine. The roots of S. ningpoensis have been used to treat inflammation, laryngitis,
tonsillitis, abscesses of carbuncles and constipation [42]. Moreover, it can lower
blood pressure and blood sugar levels, has antibacterial and antioxidant effects,
and is normally used in combinations with other herbs as nutrient and health-
strengthening agents. The roots contains iridoid glycosides (the active principles)
in addition to small amounts of essential oils, alkaloids, flavanoids, and p-methox-
ycinnamic acid. For the crude drug, the roots of S. yoshimurae are collected from
plants growing naturally in the mountains of Taiwan. Correct cultivation of the
plant is needed, as the supply is insufficient to meet the local drug demand. In or-
der to aid the commercial cultivation and conserve the germplasm of this medici-
nally important species, a rapid in-vitro propagation system for S. yoshimurae has
been developed. Herein, we describe the tissue culture protocol of S. yoshimurae
standardized in our laboratory [43, 44].

In order to obtain the healthy explants for in-vitro organogenesis, plants were col-
lected from the natural habitat and grown under controlled hygienic conditions.
Various explants, such as the shoot tip, leaf base, node and internode taken from
the actively growing shoots of these plants, were tested for induction of the mor-
phogenetic response. Multiple shoots were induced not only from the pre-existing
meristems of shoot tip and stem node explants, but also directly from the cut end
of the internode and leaf-base explants without an intervening callus phase in a
one-month culture on MS basal medium supplemented with 4.44 µM BA and
1.07 µM NAA. All stem node and shoot tip explants induced multiple shoots,
whereas the leaf-base explants were least responsive. Figure 12.6A shows the in-
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Fig. 12.5 Salvia callus grown on MS basal medium supplemented
with 0.2 mg L–1 benzyladenine (BA) for periods of: (A) 8 days; 
(B) 16 days; (C) 24 days; and (D) 60 days. Note: A color version 
of this figure is available in the color plate section.



duction of multiple shoots from the internode explants of S. yoshimurae. The in-
duced shoots were further proliferated by subculturing them in the fresh medium
of similar composition (Fig. 12.6B). The micropropagated shoots were elongated
and rooted by subculturing on growth regulator-free MS basal medium. The plant-
lets were transplanted to soil and acclimatized in the growth chamber under high
humidity conditions. The cultures could be maintained for over two years without
losing their morphogenetic potential. The content of harpagoside (11), a quantita-
tively predominant iridoid glycoside, in different plant materials was determined
by HPLC. Analysis showed the content of harpagoside in the aerial and under-
ground parts of S. yoshimurae to be significantly higher than the marketed crude
drug. In order to extract the secondary metabolites and to conduct pharmacologi-
cal studies, it is necessary to have plants of high quality and with uniform content
of active principles. Genetically homogeneous plants with uniform content of sec-
ondary metabolites could be obtained by in-vitro propagation of selected, elite
plants. In-vitro-propagated plants of many species showed less variation in the con-
tent of secondary metabolites than their wild/cultivated counterparts [45]. The pro-
tocol obtained could be also used for rapid micropropagation, commercial cultiva-
tion, and germplasm conservation of this medicinal plant.
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Fig. 12.6 (A) Induction of multiple shoots from the internode explants
of Scrophularia yoshimurae. (B) Shoot proliferation from the node
explants. Note: A color version of this figure is available in the color
plate section.

12.2.9

Production of Anthocyanins in Callus Cultures of Solanum melongena

Solanum melongena, popularly known as “egg plant”, belongs to the family Solana-
ceae, and is an important vegetable crop that plays an inevitable role in many diets
worldwide. The fluid obtained from the macerated roots is used to treat asthma
and syphilis, the juice obtained from the fruits is used to treat certain liver ailments
[46, 47], while the leaves and stembark are used to combat dysentery [48]. The abil-
ity of eggplant to regenerate in tissue culture has allowed the application of bio-
technology, particularly the exploitation of somaclonal variation, haploidy, somatic



hybridization, and genetic transformation [49]. Several anthocyanin isolates from
S. melongena are reported to possess antioxidant activity.

An efficient method for callus cultures of S. melongena was established [50] by
culturing pericarp tissues on MS medium supplemented with 5.4 µM NAA and
2.3 µM kinetin. Two major anthocyanins, nasunin (12) and cis-coumaroyl isomer
of nasunin were detected (by HPLC) in pericarp-derived callus.

12.2.10

Taxol Synthesis in Cell Suspension Cultures of Taxus mairei

Wani and colleagues discovered a novel anticancer diterpene amide, “taxol” (13)
from an extract of the Pacific yew (Taxus brevifolia) [51]. Taxol has subsequently
been approved for the clinical treatment of ovarian and breast cancer by the FDA,
and also shows significant therapeutic activity against malignant melanoma, lung
cancer, and other solid tumors [52,53]. Consequently, taxol is considered as the
prototype of a new class of cancer chemotherapeutic agents [54].

The supply of taxol for clinical use is limited, however, because it is extracted
from yew trees, the bark of which represents the only commercial source. The thin
bark of the yew tree contains 0.001% of taxol by dry weight basis; hence, a 100-year-
old tree yields on average 3 kg of bark, corresponding to 300 mg of taxol, which is
approximately a single dose during the course of a cancer treatment. Because of
the scarcity of the slow-growing trees and the relatively low content of taxol, alter-
native sources are needed to meet the increasing demand for the drug. The total
synthesis of taxol on an industrial scale seems economically unrealistic due to the
complexity of the chemical structure of this molecule [55, 56]. Thus, plant cell cul-
ture of Taxus spp. is considered to be one approach available to provide a stable
supply of taxol and related taxane derivatives [57].

In order to exploit the source of taxol, different tissues of Taxus mairei, a species
found in Taiwan at an altitude of about 2000 m above sea level, were collected. The
extracts of bark and leaf tissues were analyzed using HPLC to determine the con-
tents of taxol and taxol-related compounds. The analysis showed the amounts of
these compounds to vary among individual plants, with the contents of the princi-
pal components such as docetaxel, baccatin III and 10-deacetylbaccatin in leaf ex-
tracts being higher than those in bark extracts [58]. T. mairei calli were induced
from needle and stem explants on B5 medium [59] supplemented with 2 mg L–1

2,4-D or NAA. Different cell lines were established using stem- and needle-derived
callus. One of the cell lines, after precursor feeding and a six-week incubation pe-
riod, produced 200 mg L–1 of taxol in cell suspension cultures [58].

12.3

Conclusions and Future Perspectives

The advantages of plant cell cultures when producing chemicals and pharmaceuti-
cals have led to major advances in the plant sciences. In future, these technologies
will serve to enhance the continued value of higher plants as renewable resources
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of chemicals, and especially of medicinal compounds. The increased use of genet-
ic tools, combined with an emerging picture of the structure and regulation of
pathways for secondary metabolism, will provide the basis for the production of
commercially acceptable quantities of these products. Today, knowledge of biosyn-
thetic pathways of desired compounds in plants as well as in cell cultures is gener-
ally in its infancy, and consequently strategies are needed to develop information
based on the cellular and molecular levels. Because of the complex and incomplete-
ly understood nature of plant cells in in-vitro cultures, case-by-case studies have
been used to explain the problems occurring in the production of secondary me-
tabolites from cultured plant cells. The introduction of molecular biology tech-
niques, in order to produce transgenic cultures and effect the expression and reg-
ulation of biosynthetic pathways, is also likely to be a significant step towards mak-
ing cell cultures more generally applicable to the commercial production of secon-
dary metabolites. One key in developing and evaluating strategies to improve pro-
ductivity is the realization that all such problems must be seen in an holistic con-
text. In conclusion, it is possible to achieve controllable and successful
biotechnological production of specific, valuable – and as yet unknown – phyto-
chemicals by using a combination of plant cell, tissue and organ culture technolo-
gies and metabolic engineering.
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Exploring and Accessing Plant Natural Product Biosynthesis 
in Engineered Microbial Hosts

Erin K. Marasco and Claudia Schmidt-Dannert

13.1

Introduction

Plants or extracts of plants have been used since prehistoric times in traditional
medicine. Today, natural products isolated from plants are used as pharmaceuti-
cals, as industrial precursors for fuels, as flavors, pesticides, perfumery ingre-
dients, plant hormones, adhesives, and as drugs of abuse. Almost one-quarter of
all prescribed pharmaceuticals contain compounds that are directly or indirectly
(through semi-synthesis) derived from plants [1, 2]. In the USA alone, the market
value in 2002 of phytochemicals was in excess of US$ 30 billion [3], and this de-
mand is not expected to lessen in the near future as natural products still produce
more leads in drug discovery than does combinatorial chemistry.

Considering the importance of phytochemicals, it is important to understand
their biosynthetic pathways on a molecular level. This information will aid in the
discovery of new compounds and allow for diversification of natural product scaf-
folds by the genetic manipulation of metabolic pathways. It will also be used to in-
crease the production levels within native hosts and/or increase the biotechnolog-
ical production of plant natural products in plant cell cultures and recombinant mi-
crobial hosts.

However, compared to the large number of microbial secondary metabolic path-
ways characterized, only a relatively small number of biosynthetic genes and path-
ways leading to plant secondary metabolites have been described. This can be at-
tributed to four main reasons:

1. Unlike in microorganisms, biosynthetic genes in plants are not clustered, which
requires that each single gene of a biosynthetic reaction series must be identified
and isolated individually.

2. Compared to a microorganism, the metabolic complexity of a plant is consider-
ably larger. For example, Arabidopsis has 5000 metabolites compared to typically
1500 present in a microorganism. More than 100 000 secondary metabolites
have been discovered in plants, and the estimated total number in plants is in ex-
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cess of 500000, while approximately 50000 have been identified from microbial
sources [4–6].

3. The biosynthesis of plant secondary metabolites is under complex temporal and
spatial control; moreover, the transport and localization of secondary metab-
olites varies, which makes intermediates and enzymes difficult to isolate and
biosynthetic genes difficult to identify [7, 8].

4. Recently determined genome sequences of plants have revealed remarkable
duplications of genes involved in natural product biosynthesis. For example,
Arabidopsis thaliana has about 290 cytochrome P450 enzymes, which makes the
correct designation for each of these enzymes to its role in metabolism, without
individual biochemical characterization, very challenging – if not impossible [9].

This chapter will focus on the important roles that engineered microbial cells have
played – and will continue to play – in the identification of plant biosynthetic path-
ways and, in particular, for the production of plant natural products. As detailed be-
low, the heterologous overexpression of biosynthetic genes has been instrumental
in characterizing catalytic activities. Moreover, microbial cells have successfully
been engineered to synthesize natural and modified plant and microbial natural
products [10, 11]. The use of plant cell cultures for the production of plant natural
products will not be discussed here, but is reviewed elsewhere [12–15]. Instead, a
special emphasis will be placed on the prospects of using microbial fermentation
as a technologically less challenging, more scalable and cost-effective alternative in
the production of plant natural products.

13.2

Heterologous Expression of Plant Natural Product Genes and Pathways

The characterization of plant biosynthetic pathways is in most cases a challenging
and tedious undertaking. Over the past few decades, the pathway discovery process
has benefited from three major technological advances, namely isotope labeling
experiments, plant cell culture technology and recombinant DNA technology (Fig.
13.1) [8, 16]. The feeding of radiolabeled precursors allowed the chemical elucida-
tion of biosynthetic pathway intermediates, and has been instrumental for exam-
ple in the discovery of the non-mevalonate pathway of isoprenoid biosynthesis [17,
18]. Cell cultures provided an abundant source of materials for the isolation and
characterization of natural enzymes allowing for the discovery and partial charac-
terization of over 80 new enzymes involved in the biosynthesis of indole, isoquino-
line, tropane, pyrrolizidine, and purine alkaloids. Finally, recombinant DNA tech-
nologies allowed for the overexpression of identified plant genes in microbial hosts
for biochemical characterization.

With the emergence of “omics”-based approaches for plant pathway elucidation
[5, 19–24], heterologous expression of plant genes in microbial hosts becomes in-
creasingly important in correctly assigning function to a putative gene by enabling
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in-vitro biochemical studies on the overexpressed protein. Available genome se-
quence and expressed sequence tag (EST) data from plant model organisms such
as A. thaliana or agriculturally relevant plants such as Medicago trunculata, Oryza
sativa, and Zea mays reveal that many enzyme families (e.g., cytochrome P450s,
glycosyltransferases, methyltransferases and other group-transferases) known to
be involved in the biosynthesis of natural products have undergone extensive gene
duplication [25–27]. Sequence duplications and redundancy severely limits homol-
ogy-based predictions of gene functions as well as comparative genomics ap-
proaches to decipher biosynthetic pathways.

A comprehensive approach including genome and EST sequence data, expres-
sion and metabolite profiling and ultimately heterologous expression and analysis
of enzyme activity, is therefore necessary to correctly annotate new biosynthetic
gene functions. For example, such a combined approach using data from DNA mi-
croarrays of elicited Medicago truncatula cultures, metabolite profiling and in-silico
EST data mining predicted several glycosyltransferases genes out of 300 glycosyl-
transferase sequences present in the genome to be involved in the biosynthesis of
the triterpene saponin [28]. The identified targets were then heterologously ex-
pressed and characterized in E. coli to confirm their biosynthetic functions.

The overexpression of plant biosynthetic genes has been instrumental in the elu-
cidation of alkaloid, isoprenoid and flavonoid natural product biosynthetic path-
ways. The availability of gene sequences encoding several consecutive enzymatic
steps in a plant secondary metabolic pathway made it possible to implement the bi-
osynthetic reaction sequences into microbial hosts for the synthesis of complex
plant natural products by such engineered cells. Furthermore, combinations of bi-
osynthetic genes from different sources into new reaction sequences and the engi-
neering of catalytic activities allowed an expansion of the range of structures syn-
thesized. Microbial cells have been engineered to produce diverse isoprenoid and
flavonoid compounds, while heterologous biosynthesis of alkaloid compounds is
not yet entirely feasible because of our incomplete knowledge of their biosynthesis.
The following sections provide a survey on our current knowledge on the biosyn-
thesis of these compounds and the use of recombinant microbial cells for charac-
terization of biosynthetic activities and for natural product synthesis.
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Fig. 13.1 The secondary metabolite pathway discovery trajectory.



13.3

Alkaloids

Alkaloids are a structurally diverse class of nitrogen-containing compounds with
important pharmacological activities. In plants, over 12000 alkaloid structures
have been elucidated [23, 29, 30]. A few dozen alkaloids are used medicinally, cor-
responding to a market value of $ 4 million dollars in 2002 in the US [3]. Alkaloid
compounds of particular medicinal interest include monoterpenoid indole alka-
loids (vinblastine, ajmaline), benzylisoquinoline alkaloids (berberine and mor-
phine), and tropane alkaloids (cocaine and scopolamine). Alkaloids are classified
based on their amino acid precursor: Monoterpenoid indole alkaloids (MIA) derive
from tryptophan, isoquinoline alkaloids (IQA) are synthesized from tyrosine, and
tropane alkaloids (TA) are produced from ornithine. Each amino acid is converted
into a central intermediate, which is strictosidine for MIAs, norcolaurine for IQAs,
and homosperidine for TAs (Figs. 13.2 and 13.3). Subsequent rearrangement and
tailoring reactions such as acetylations, hydroxylations, glycosylations, and methyl-
ations convert these intermediates into the multitude of alkaloid structures pro-
duced by different plant species. Strictosidine and norcolaurine make up the cen-
tral intermediates for over half of all characterized alkaloids [31].

13.3.1

Monoterpenoid Indole Alkaloids

The structures of approximately 2000 MIAs have been described, amongst which
are 15 compounds currently used in pharmacological and therapeutic applications.
The most important MIAs are the antineoplastic agents vinblastine and vincristine
which are used in cancer chemotherapy, the toxin strychnine, the vasodilator
yohimbine, the antihypertensive ajmalicine, and the antiarrhythmic ajmaline used
to treat heart disease. Because of their pharmacological importance, deciphering
the very complex biosynthetic pathways of these compounds has been a longstand-
ing aim of research in plant natural product biosynthesis [16]. Knowledge of the
enzymatic steps leading to structurally complex intermediates would enable their
overproduction in metabolically engineered plant or microbial cells. These inter-
mediates would then act as scaffolds for further chemical modifications to the de-
sired drug targets. However, despite decades of research, MIA biosynthesis is – on
a molecular level – the least well-described pathway among all plant natural prod-
uct class pathways (the biosynthesis of MIAs, together with known enzymes and
those for which the gene sequence is known are shown in Fig. 13.2). From the in-
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Fig. 13.2 Biosynthesis of the monoterpenoid
indole alkaloids vinblastine and amjaline.
Enzymes that have been expressed in
microbial cells are shown in bold type and
underlined; enzymes that have been partially
characterized are shown in bold type and
italicized. Vindoline: DAT, deacetylvindoline
4-O-acetyltransferase; D4H, desacetoxyvindo-

line 4-hydroxylase; NMT, N-methyltrans-
ferase; T16-OMT, tabersonine 16-O-methyl-
transferase; T16H, tabersonine 16-hydroxy-
lase; STR, strictosidine synthase; Strictosi-
dine: G10H, geraniol 10-hydroxylase; OMT,
O-methyltransferase; SGD, strictosidine â-d-
glucosidase; SLS, secologanin synthase; TDC,
tryptophan decarboxylase; Amjaline: PNAE,
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Polyneuridine aldehyde esterase; VS, vinorine
synthase; VR, vomilenine reductase; DHVR,
vomilenine hydroxylase and reductase;

ANAAE, acetylajmalan esterase; NAMT,
norajmaline methyltransferase; RS, raucaffri-
cine synthase; RG, raucaffricine glucosidase.



itial metabolites trytophan and geraniol, there are over 35 intermediates and 30 en-
zymes responsible for the formation of vindoline [32]. Nevertheless, a patent was
recently filed on the production of terpenoid indole alkaloids in transgenic yeast
[33]. The precursors tryptamine and secologanin were efficiently converted to stric-
tosidine and its aglycone (the branch point intermediates of all MIAs; see below),
when fed to recombinant yeast cells overexpressing strictosidine synthase and
strictosidine glucosidase [34].

As their name indicates, MIAs are derived from an indole and a terpenoid pre-
cursor. The indole precursor tryptamine is synthesized from tryptophan by trypto-
phan decarboxylase, which has been functionally expressed in E. coli [35,36]. The
terpenoid precursor secologanin is derived from the monoterpenoid geraniol,
which is first hydroxylated to 10-hydroxygeraniol followed by a series of additional
enzymatic transformations [37]. Only the first enzyme (geraniol 10-hydroxylase
[38]) and the last enzyme (secologanin synthase [37, 39]) involved in secologanin
biosynthesis have been cloned, while most of the intermediate enzymatic steps are
poorly understood. Strictosidine synthase then catalyzes the condensation reaction
between tryptamine and secologanin to produce strictosidine, the common inter-
mediate of all MIAs. At this point, or at that of the unstable strictosidine aglycone,
which is deglycosulated by strictosidine glucosidase, biosynthetic routes branch off
to the different monoterpenoid indole alkaloids. Strictosidine synthase and glucos-
idase produce valuable intermediates, and thus have been cloned and functionally
expressed in microbial cells [40–42].

Two pathways leading to the pharmacologically important alkaloids vindoline (a
key precursor to the cytostatic alkaloid vinblastine found in the Madagascar peri-
winkle Catharanthus roseus) and the antiarrhythmic alkaloid ajmaline (isolated
from the medicinal plants Rauvolfia serpentine and Tetraphylla vomitoria) have been
characterized to the greatest degree. However, as shown in Figure 13.2, not all en-
zymatic steps and pathway intermediates are known, and gene sequences are avail-
able for only a subset of the biosynthetic enzymes.

The biosynthesis of vindoline begins with transformation of the strictosidine ag-
lycone via an unknown biosynthetic route to cathenamine and to tabersonine. Vin-
doline is derived from tabersonine by six ordered enzyme reactions that take place
in multiple cellular compartments. All of these enzymes but one have been identi-
fied, and several have been heterologously expressed and characterized in microbi-
al hosts (Fig. 13.2). Tabersonine is hydroxylated by tabersonine 16-hydroxylase
(T16H), a cytochrome P450-dependent monooxygenase localized to the endoplas-
mic reticulum. T16H cDNA was identified by functional expression in E. coli as a
translational fusion with a P450 reductase from C. roseus [43]. Hydroxyltabersonine
is O-methylated by cytosolic 16-hydroxytabersonine-O-methyltransferase (T16-
OMT) [44], followed by a hydration reaction catalyzed by an unidentified enzyme.
The resulting intermediate is N-methylated to desacetoxyvindoline by 2,3-dihydro-
3-hydroxytabersonine-N-methyltransferase (NMT), which is associated with the
chloroplast thylakoid membranes [45]. Desacetoxyvindoline is then hydroxylated
by the cytosolic 2-oxoglutarate-dependent dioxygenase (D4H) [46]. The penulti-
mate step is the acetylation of desacetylvindoline to vindoline, catalyzed by deace-
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tylvindoline 4-O-acetyltransferase (DAT) [47, 48]. Enzymes in the vindoline path-
way have been expressed in both Saccharomyces cerevisiae (strictosidine synthase
and strictosidine glucosidase) and E. coli (T16H, D4H, and DAT), although many
more remain to be cloned [40, 43, 48, 49].

The elucidation of ajmaline biosynthesis is more complete compared to that for
vindoline [50]. To date, six of the ten enzymes thought to be involved in ajmaline
biosynthesis have been identified and three of these have been cloned [51–55] (Fig.
13.2). Reconstitution of the entire biosynthetic pathway for ajmaline (for which no
chemical synthesis is available) from strictosidine into a heterologous host for
overproduction may become conceivable in the not too distant future, provided
that the remaining genes will be cloned. The first reaction in ajmaline biosynthe-
sis is conversion of the strictosidine aglycone to a polyneurinidine aldehyde, cata-
lyzed by sarpagan bridge enzyme. Very little is known about this enzyme other
than it is a cytochrome P450 reaction under reducing conditions; ongoing studies
of CYP450s from Rauvolfia are expected to clarify this reaction in the future [50].
Polyneuridine aldehyde esterase (PNAE, cloned and expressed in E. coli [51]) then
synthesizes 16-epi-vellosimine (or gardneral), which subsequently is transformed
by acetyl-CoA-dependent vinorine synthase (VS) to the first ajmalan-type alkaloid
structure, vinorine [55]. Vinorine synthase was functionally expressed in E. coli as
part of a larger aim of overexpressing the entire ajmaline pathway in engineered
microbial cells [55]. This enzyme belongs to the benzylalcohol acetyl-, anthocyanin-
O-hydroxy-cinnamoyl-, anthranilate-N-hydroxy-cinnamoyl/benzoyl-, deacetylvin-
doline acetyltransferase (BAHD) superfamily of acyltransferases, the members of
which play a role in the biosynthesis of a number of plant natural products such as
morphine and taxol. Very recently, the crystal structure of vinorine synthase was
solved, representing the first structure of a member of the BAHD superfamily [56].
Conversion of vinorine to vomilenine is catalyzed by cytochrome P450 monooxyge-
nase vomilenine hydroxylase (VH) and a NADPH-dependent reductase, which has
been isolated and cloned into yeast, although no VH activity has been reported [50].
Vomilenine is then converted to ajmaline by a vomilenine reductase (VR) and di-
hydrovomilenine reductase (DHVR); both of these enzymes have been purified,
but no gene sequence is known [54,57]. A full-length cDNA clone of the acetylajma-
lan esterase (AAE) was isolated, but attempts at expressing the enzyme in E. coli
failed. However, AAE was functionally expressed in leaves of Nicotiana benthamia-
na, which allowed its characterization for the first time [58]. Heterologous expres-
sion of AAE and the final enzyme norajmaline methyltransferase (NAMT is
thought to be membrane-associated and has not been purified) are likely to be
roadblocks to the microbial production of ajmaline.

13.3.2

Benzoisoquinoline Alkaloids

Benzylisoquinoline alkaloids (BIQA) comprise a large, diverse class of compounds
of medicinal interest. Areas of pharmacological interest include their use as anal-
gesics (morphine, codeine), antimicrobials (berberine, sanguinarine), and muscle
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relaxants (papaverine and (+)-tubocurarine). Over 2500 benzylisoquinoline alka-
loids have been isolated from plants, and all pass through the central intermediate
(S)-noroclaurine [8] (Fig. 13.3). The biosynthesis of BIAs starts with condensation
of the tyrosine derivatives 4-dihydroxyphenylethylamine (dopamine) and 4-hydrox-
yphenylacetaldehyde (4-HPAA), catalyzed by (S)-norcoclaurine synthase (NCS).
NCS was initially purified and characterized from Thalictrum flavum, but recently
has been cloned and functionally expressed in E. coli [59, 60]. Three methyltransfe-
rases, a 6-O, 4-O and a N-methyltransferase [61–64], together with a P450 mono-
oxygenase [65] convert noroclaurine into S-reticuline, at which point the berberine
and morphinan pathways branch off.

The berberine bridge enzyme catalyzes the conversion of reticuline to scoule-
rine, and represents the first committed step in the berberine pathway [66]. Scoule-
rine conversion to tetrahydrocolumbamline is catalyzed by another methyltransfe-
rase, scoulerine 9-O-methyltransferase (SMT) [67]. Two more conversions result in
the formation of berberine. Except for the final oxidase, all enzymes required for
the conversion of norclaurine to berberine have been cloned [8, 63, 67–71]. Install-
ment of the berberine pathway in a heterologous host such as S. cerevisiae should
thus be feasible and could allow the targeted production of diverse BIQA com-
pounds for further modification.

The biosynthetic pathway to morphine in the Oriental poppy Papaver somniferum
(opium poppy) is currently being elucidated, and characterization will benefit the
production of morphine and its semi-synthetic derivatives [16, 72]. The 17-step bi-
osynthesis of morphine in this plant has been almost completely elucidated, with
the eventual goal being the biomimetic synthesis of thebaine, codeine, and mor-
phine. The unique steps in morphine biosynthesis occur after the central interme-
diate (S)-reticuline and include three NADPH-dependent oxidoreductases [73, 74],
three cytochromes P450s [75], and an acetyl-CoA-dependent acetyltransferase [76].
The first enzymes isolated were the 6-O-methyltransferase [77] and P450 monooxy-
genase of the reticuline pathway [71, 78]. The salutaridinol 7-O-acetyltransferase
and the final enzyme in morphine biosynthesis, codeinone reductase, have recent-
ly been cloned [79, 80]. These cDNAs were all functionally expressed in insect cell
culture (S. frugiperda Sf9 cells) or in E. coli. However, there are still a number of
biosynthetic steps in the morphinan pathway for which the enzymes have neither
been identified nor cloned. Thus, the biosynthesis of morphinan alkaloids in a mi-
crobial heterologous host is not yet feasible, though microbial biotransformations
of morphine to valuable derivatives have been reported [81]. For example, a reus-

29513.3 Alkaloids

Fig. 13.3 Biosynthesis of the benzoisoquino-
line alkaloids morphine and berberine. En-
zymes that have been expressed in microbial
cells are shown in bold type and underlined;
enzymes that have been partially character-
ized are shown in bold type and italicized. Re-
ticuline: TDYC, tyrosine decarboxylase; NCS,
norcoclaurine synthase; 6-OMT, narcoclau-
rine 6-O-methyltransferase; CNMT, coclaurine

N-methyltransferase; CYP80B1, N-methylco-
claurine 3′-hydroxylase; 4′OMT, 3′-hydroxy-N-
methylcoclaurine 4′-O-methyltransferase.
Morphine: STS, salutaridine synthase; SOR,
salutaridine reductase; SAT, salutaridinol-7-O-
acetyltransferase; COR, codeinone reductase
Berberine: BBE, berberine bridge enzyme;
SOMT, scoulerine-9-O-methyltransferase; CS,
canadiene synthase.



able efficient recombinant morphine/codeine biotransformation system was creat-
ed using Pseudomonas enzymes [82].

13.4

Isoprenoids

Isoprenoids (or terpenoids) represent the largest class of secondary metabolites,
with some 30 000 structures described to date [83]. Plant-derived isoprenoids in-
clude important medicinal and antimicrobial compounds, as well as flavor and aro-
ma compounds. These compounds are derived from the universal five carbon (C5)
terpenoid building blocks, isopentenyl diphosphate (IDP) and dimethylallyl diph-
osphate (DMADP). Consecutive condensations of IDP with its isomer DMADP
build up the carbon backbone of terpenoids. The majority of these condensation
reactions are catalyzed as head-to-tail reactions by various chain-length-specific
prenyltransferases [84]. Head-to-head condensations of two isoprenoid diphos-
phate chains are catalyzed by a different class of enzymes, and create the carbon
backbone of carotenoids and sterols. Linear isoprenoid chains undergo further
modifications, including cyclization catalyzed by terpene cyclases or desaturations
catalyzed by carotenoid desaturases, to produce the structurally diverse classes of
terpenoid compounds. Depending on the number of condensed C5 units, different
terpenoid classes can be distinguished: monoterpenes (C10) are volatile com-
pounds used as fragrances (e.g., menthol and camphor); sesquiterpenes (C15) are
pheromones, antimicrobial agents or signal transducers (e.g., farnesol and neroli-
dol); diterpenes (C20) are antimicrobial agents and involved in signal transduction
(e.g., paclitaxel and gibberellin); C30 and C40 terpenoids function as modulators of
membrane fluidity and hormones (sterols; e.g., sitosterol, brassinosteroids) and
function in photosynthesis, pigmentation and as antioxidants (carotenoids; e.g., â-
carotene).

As is the case for other classes of plant natural products, the extraction of many
isoprenoid-derived compounds is expensive and low-yielding, and synthetic efforts
are frequently not economically feasible. The engineering of microbial cells for
terpenoid production represents an attractive alternative, and has been successful
in the biosynthesis of a number of isoprenoid compounds. Unlike the majority of
important alkaloid biosynthetic pathways, many isoprenoid biosynthetic routes are
genetically well characterized (at least the upstream biosynthetic steps), making it
currently possible to transfer these pathways into microbial hosts. Moreover, many
plant isoprenoid genes have homologues in microorganisms, allowing combinato-
rial assembly of biosynthetic genes from different sources into recombinant bio-
synthetic pathways.

Two biosynthetic routes to IDP and its isomer DMADP are known. One is the
mevalonate pathway (MVA), which is present in some eubacteria, in eukaryotes,
archaebacteria, and in the cytosols of higher plants. The other is the recently dis-
covered mevalonate-independent pathway (or DXP pathway) [85]. The majority of
eubacteria use the latter pathway [86], as do green algae and the chloroplasts of
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higher plants. The MVA pathway converts acetyl-CoA via the intermediate mevalo-
nate to IDP, while the DXP pathway utilizes glyceraldehyde-3-phosphate and pyru-
vate to synthesize IDP via key intermediates MEP (2-C-methyl-d-erythritol 4-phos-
phate) and DXP (1-deoxy-d-xylulose 5-phosphate). In plants, both pathways co-ex-
ist but are compartmentalized, with the MVA pathway operating in the cytosol and
the DXP route in the chloroplasts (Fig. 13.4), where they produce different types of
terpenoids. The biosynthesis of diterpenes, sesquiterpenes and triterpenes occurs
predominantly in the cytosol, whereas mono-, di- and tetraterepene (carotenoid) bi-
osynthesis takes place in the chloroplasts. Most eubacteria use the DXP pathway to
synthesize the prenyl side chains of the menaquinones and ubiquinones of their
electron transport chains and dolichols involved in cell wall synthesis [87]. 

Whilst the enzymatic steps of the MVA pathway have been known for 20 years,
elucidation of the DXP pathway was completed only in 2002, less then 10 years af-
ter its discovery by Rohmer [85, 88, 89]. Knowledge of these enzymatic steps and
their encoding genes has made it possible to manipulate the supply of IDP and
DMADP precursors in metabolically engineered microbial cells for the overpro-
duction of diverse terpenoid compounds (vide infra). Studies on the manipulation
of the IDP, DMADP pool in E. coli with the aim of diverting precursors away from
competing endogenous to heterologous terpenoid pathways showed that the DXP
pathway is under complex regulation and that the accumulation of some DXP
pathway intermediates was not well tolerated by E. coli [90–94]. As an alternative
approach to bypass these pathway control and toxicity issues, the eukaryotic MVA
pathway was recently successfully implemented as a parallel pathway for the effi-
cient production of terpenoids in E. coli [95]. This precursor engineering, com-
bined with metabolic engineering approaches such as stoichiometric flux balance
analysis, has led to an increase in terpenoid production levels in recombinant cells
[96,97]. Specific advances in engineering biosynthetic routes for the overproduc-
tion in microbial cells of medicinally relevant terpenoid classes are discussed in the
following sections.

13.4.1

Sesquiterpenes and Diterpenes

The first reaction in the synthesis of cyclic sesquiterpenes and diterpenes from lin-
ear isoprene diphosphate precursors is catalyzed by a terpene cyclase [98,99]. Terp-
enoid cyclization involves the generation of a reactive carbocation, stepping of the
carbocation through the isoprene chain (often involving de- and reprotonation, hy-
dride shifts, cyclizations and rearrangements) to produce a terminal carbocation
that is quenched by a base. Numerous microbial and plant terpene cyclases have
been identified that differ in their isoprene chain length specificity, and also in the
way that they generate the carbocation, fold up the isoprene chain, and control car-
bocation migration and quenching. As a result, these enzymes catalyze the forma-
tion of a bewildering number of cyclic terpenoid skeletons. With increasing length
of the linear isoprene diphosphate chain and consequently, increasing number of
double bonds present, the number of possible cyclic skeletons increases rapidly.
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For example, more than 200 different cyclic sesquiterpene skeletons can be derived
from the C15 precursor FDP, resulting in an estimated number of 7000 different
sesquiterpene structures, compared to about 1000 monoterpenoid structures de-
rived from the C10 precursor geranyldiphosphate (GDP) [98].

Biochemical studies on the isolated enzyme have shown that many cyclases pro-
duce, in addition to the major cyclization product, several minor products in vitro
[100]. Not only may one terpenoid cyclase synthesize several cyclization products,
but plants frequently also have multiple cyclase genes [101] (e.g., genomic analyses
identified 40 terpenoid synthase homologues in A. thaliana [102]), which makes
unraveling terpenoid biosynthesis in plants a difficult task. As a consequence, in
order to understand plant terpenoid biosynthesis and identify the enzymes respon-
sible for the biosynthesis of medicinally valuable terpenoids, a large number of
terpenoid synthases have been cloned and overexpressed in microbial hosts (for
some examples, see [103–108]). Fortunately, like other isoprenoid biosynthetic en-
zymes, many cyclase genes can be functionally expressed in E. coli and their cy-
clization activities assayed either with purified enzymes or crude cell lysates
[109–111].

The next step beyond overexpressing individual plant cyclase genes in a microbi-
al host for biochemical studies is the biosynthesis of plant terpenoids by engi-
neered microbial cells. As discussed later in this section, the biosynthesis of carot-
enoids (another class of isoprenoids) has long been shown to be feasible in non-
carotenogenic E. coli by extending its native pathway for the C15 isoprenoid precur-
sor FDP with heterologous carotenoid biosynthetic genes. The same strategy could
also be applied to the synthesis of medicinal terpenoids. Showcase examples for
the successful biosynthesis of medicinally important terpenoids in recombinant
microbial host include taxadiene and amorph-4,11-diene, the undecorated terpen-
oid scaffolds of the antitumor drug taxol and antimalarial drug artimisinin, respec-
tively.

13.4.2

Taxol

The diterpene paclitaxel (tradename Taxol®) and its derivatives are potent antican-
cer compounds used to treat ovarian, breast, lung, neck, bladder, skin, and cervical
cancers [112]. As such, the elucidation of its biosynthesis and rate-limiting meta-
bolic steps has been an area of intense research because it may lead to the develop-
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Fig. 13.4 Biosynthetic pathways of isopren-
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shown in bold type and underlined. HMGR,
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hydroxylase; 5-OAT, taxadien-5α-ol acetyl
transferase; 10B-H, 10â-hydroxylase; 2-OBT,
2α-O-benzoyltransferase; 10-OACT, 10-deace-
tylbaccatin III-10-O-acetyl transferase



ment of higher-yielding production strategies using recombinant plant cell cul-
tures or microbial cells. Over the past decade, five enzymes involved in paclitaxel
biosynthesis have been cloned and functionally expressed in bacterial or yeast
hosts. The first committed step in the biosynthesis of taxol involves the cyclization
of geranylgeranyl diphosphate (GGDP) to the taxane skeleton taxa-4(5), 11(12)-
diene, catalyzed by the enzyme taxadiene synthase, which was first cloned and
characterized a decade ago [113]. This skeleton is then further functionalized by a
series of eight oxidative modifications catalyzed by cytochrome P450 enzymes, sev-
eral acylations and side chain additions catalyzed by CoA-thioester-dependent
transferases [114] (Fig. 13.4).

Efforts such as polymerase chain reaction (PCR) differential display, homology-
based cloning and random sequencing of cDNAs [115] from induced Taxus cells
resulted in a relatively rapid succession over the past few years to the cloning of a
majority of enzymes of this complex biosynthetic pathway. Currently, six cyto-
chrome P450 hydroxylases [116–121] have been cloned and expressed in E. coli. Al-
so cloned and functionally expressed in E. coli were two acetyl, two benzoyl trans-
ferases, a phenylpropanoid side chain CoA-transferase [122–125] and a phenylala-
nine aminomutase involved in taxol side chain biosynthesis [126]. In the near fu-
ture, all enzymes involved in taxol biosynthesis may be cloned and functionally ex-
pressed in E. coli, which would provide the means to engineer biosynthetic path-
ways to at least key intermediate scaffolds for further synthetic modification to
taxol or taxol derivatives.

Taxadiene, the unmodified terpenoid scaffold of taxol, was produced in E. coli
cells transformed with taxadiene synthase and GGDP synthase [127]. Overexpres-
sion of GGDP synthase from Taxus canadensis [128] was required to synthesize the
diterpenoid precursor in E. coli (which normally does not produce GGDP). Trunca-
tion of taxadiene synthase was necessary to obtain expression of soluble protein in
E. coli. Co-overexpression of two additional key enzymes of the mevalonate-inde-
pendent isoprenoid pathway in E. coli, DXP synthase and IDP isomerase, along
with the heterologous enzymes GGDP synthase and taxadiene synthase, yielded
1.3 mg L–1 taxadiene.

For the eventual synthesis of biologically active taxol (or derivatives thereof) in a
microbial host, the missing biosynthetic enzymes must be cloned and an impor-
tant technical hurdle, reconstitution of cytochrome P450 monooxygenase activity
in the chosen microbial host, must be achieved. The functionalization of taxadiene
involves a series of eight microsomal cytochrome P450 monooxygenases, all of
which require a complementary NADPH:cytochrome P450 reductase for efficient
electron transport from co-factor to monooxygenase. No P450 monooxygenase
genes are found in E. coli, while yeasts such as S. cerevisiae have endogenous micro-
somal P450s and reductases. S. cerevisiae WAT11 cells [129] that overexpress a re-
ductase from Arabidopsis have been used to express active taxol P450s in cell lysates
[115–117, 120]. More recently, the use of a homologous reductase from Taxus has
been examined in S. cerevisiae for transgenic redox coupling to the taxol P450 10â-
hydroxylase. This reductase performed similar to the Arabidopsis enzyme, but was
approximately sevenfold more efficient than the endogenous yeast reductase [130].
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Recently, in an attempt to install in S. cerevisiae a five-step biosynthetic pathway
leading to the intermediate taxa-4(20), 11(12)-dien-5α-acetoxy-10â-ol, functional
co-expression of GGDP synthase, taxadiene synthase, three P450s (taxadiene 5α,
10â and 13α-hydroxylase, two acetyl-transferases (taxadiene 5-O and 10-O-acetyl-
transferases) and a 5-O-benzoyl transferase was studied [131]. All enzymes were
functionally expressed in yeast, though at varying levels. P450 activities measured
from microsomal preparations were substantially lower compared to those ob-
tained in S. cerevisiae hosts expressing a heterologous P450 reductase. Five of the
enzymes (GGPP synthase, taxadiene synthase, taxadiene 5α- and 10â-hydroxylase
and 5-O-acetyl transferase) were then co-expressed in S. cerevisiae. However, while
taxadiene was produced at approximately 1 mg L–1, the limited expression levels of
active 5α-hydroxylase, the next enzyme in the biosynthetic reaction sequence, pre-
vented further flux through the recombinant pathway. The engineering of efficient
redox-coupling between P450 enzyme and NADPH using a heterologous reduc-
tase and increasing P450 expression levels may eventually lead to the functional in-
stallment of a multi-step taxol pathway in yeast. Already, the production levels of
taxadiene obtained in microbial hosts E. coli and S. cerevisiae are 100-fold higher
compared to those of engineered Arabidopsis [132].

13.4.3

Artemisinin

Artemisinin, a sesquiterpene lactone endoperoxide isolated from sweet worm-
wood (Artemisia annua), is under intense investigation because of its effectiveness
in treating all known strains of malaria. However, artemisinin isolated from plant
extracts is too expensive for widespread use in developing countries, and conse-
quently it is hoped that the development of a fermentative route to artemisinin or
precursor sesquiterpenoid scaffolds might yield a production strategy for an inex-
pensive and effective antimalarial drug.

Artemisinin biosynthesis is initiated by the cyclization of farnesyl diphosphate to
the undecorated, hydrocarbon sesquiterpenoid scaffold amorph-4,11-diene, cata-
lyzed by amorph-4,11-diene synthase. This enzyme has been cloned and character-
ized in E. coli [133, 134]. Biosynthesis then proceeds via different oxygenated inter-
mediates, artemisic alcohol, -aldehyde and -acid, to the final endoperoxide lactone,
artemisinin. However, none of the subsequent enzymatic steps of the pathway is
known, and elucidation is ongoing as intermediates are isolated from A. annua
leaves and gland secretory cells [135].

Heterologous production of significant levels of amorph-4,11-diene was recently
accomplished by engineering the S. cerevisiae mevalonate pathway and the amor-
pha-4,11-diene synthase into E. coli [95]. Production levels of around 100 mg amor-
pha-4,11-diene per liter of E. coli culture were reported under the conditions used.
The obtained production levels are almost two orders of magnitude higher than
those reported for other terpenoids in recombinant microbial hosts. Installment of
the yeast mevalonate-dependent pathway provided an alternative route for isopren-
oid precursor biosynthesis in E. coli. Unlike E. coli’s endogenous DXP isoprenoid
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pathway, the installed recombinant mevalonate pathway is not under strict physio-
logical control, and as such is able to provide sufficient FDP for subsequent cycliza-
tion by amorpha-4,11-diene synthase. A codon-optimized synthase gene was used
to facilitate good expression levels in E. coli, as previous studies had shown that
poor expression of plant sesquiterpenoid synthases in E. coli limited terpenoid pro-
duction [136].

13.4.4

Carotenoids

Carotenoids represent a large class of structurally diverse isoprenoid compounds
synthesized by plants and microbes. The biological functions of these pigments in-
clude species-specific coloration and light-harvesting, in addition to signaling and
protection against reactive oxygen species [94]. Carotenoids from plants are impor-
tant in the human diet as the primary source of vitamin A, and are suggested to
play an important role in preventing cancer and cardiovascular disease. Vitamin A
deficiencies are the leading causes of blindness in the developing world, and also
increase susceptibility to infectious disease. Providing pro-vitamin A in staple
foods such as rice by metabolic engineering of â-carotene pathways has led to the
production of “Golden Rice” [137, 138]. Carotenoids are used commercially as food
colorants, feed supplements, nutraceuticals and for cosmetic and pharmaceutical
purposes. Of the more than 600 different carotenoids identified in Nature, only a
small number can be synthesized in useful quantities by chemical synthesis [139],
extraction from their natural sources, or microbial fermentation [94, 140].

Studies on carotenoid biosynthesis in plants and microorganisms have resulted
in the cloning of a number of genes encoding the enzymes of the carotenoid bio-
synthetic pathways leading to carotenoids with C40 (derived from GGDP in plants
and majority of microorganisms) or C30 (derived from FDP in some microorgan-
isms) carbon backbones (Fig. 13.4). Most genes are readily expressed in E. coli for
functional studies. In addition, most known carotenoid enzymes of microbial and
plant origin function cooperatively when co-expressed in recombinant E. coli,
which allowed the recombinant biosynthesis of diverse cyclic and acyclic caroten-
oids in E. coli [94,141,142].

Because C40 carotenoids such as the diterpenoid taxol (vide supra) are derived
from the C20 isoprenoid precursor GGDP, biosynthesis of these terpenoids in
non-carotenogenic hosts such as E. coli requires first the extension of its isopren-
oid pathway with a heterologous gene encoding geranylgeranyl diphosphate syn-
thase (CrtE) that adds a C5 isoprenoid unit to the general C15 isoprenoid precur-
sor FDP in a head-to-tail condensation reaction. Synthesis of the first colorless ca-
rotenoid phytoene requires an additional recombinant enzyme, phytoene synthase
(CrtB), which catalyzes the head-to-head condensation of two GGDP molecules.
Extension of this two-gene pathway with a gene encoding phytoene desaturase
(CrtI) leads to the synthesis of the first colored carotenoid, the orange-red acyclic ly-
copene, in E. coli. This core pathway has been extended in E. coli with known carot-
enoid functionalizing enzymes that catalyze cyclization, glucosylation and diverse
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oxygenation reactions for the production of a diverse set of acyclic and cyclic carot-
enoids and xanthophylls in E. coli [143].

Production levels of carotenoids in recombinant E. coli are typically low
(~1 mg g–1 dry cell weight, corresponding to 5–10 mg L–1 of culture). High-yield
production of carotenoids in engineered microbial hosts will require: (i) optimiza-
tion of the available isoprenoid precursor pool; (ii) balancing the expression of car-
otenogenic genes for efficient transformation of precursors to desired carotenoid
compounds; and (iii) provision of sufficient storage capabilities for the mostly lip-
ophilic carotenoids either by engineering (e.g., additional membrane storage) or by
selecting a suitable microbial heterologous host with known high storage capabil-
ities for hydrophobic compounds, such as yeasts or photosynthetic bacteria.

Metabolic engineering efforts to increase recombinant carotenoid production in
microbes have so far almost exclusively targeted isoprenoid precursor supply and
the expression of carotenoid genes [94]. Manipulation of the DXP pathway in 
E. coli involved the overexpression of isoprenoid genes such as dxr (1-deoxy-d-xylu-
lose-5-phosphate reductoisomerase), dxs (1-deoxy-d-xylulose-5-phosphate syn-
thase), idi (IPP isomerase) and ispA (FDP synthase), either individually or in com-
bination. This approach led to overall increases in carotenoid production levels
from 1.5- to 10-fold [92, 144–146]. A different strategy targeted the supply of the im-
mediate precursors of the DXP pathway. Redirection of the flux from pyruvate to
glyceraldehyde-3-phosphate, either by overexpression of phosphoenolpyruvate
synthase (pps) or phosphoenolpyruvate carboxykinase (pck) or by inactivation of py-
ruvate kinase (pyk), improved lycopene production up to fivefold in E. coli. Place-
ment of idi and pps expression under dynamic control of an engineered intracellu-
lar control loop that senses excess glycolytic flux further increased lycopene yields
[91]. Balancing the expression of rate-limiting enzymes has been effective for in-
creasing flux through the carotenoid pathway by relieving growth inhibition
caused by overexpression of enzymes [92, 145]. The modulation of enzyme expres-
sion levels can also be used to achieve accumulation of different ratios of caroten-
oid intermediates by controlling the metabolic flux through the carotenoid path-
way [147].

The ease with which carotenoid enzymes from different origins can be function-
ally expressed in E. coli, along with the unique spectroscopic properties of the ca-
rotenoid products, has made carotenoid biosynthesis an ideal model system for bi-
osynthetic scaffold diversification strategies such as combinatorial biosynthesis
and the alteration of catalytic properties [94, 142, 148]. To access novel carotenoid
structures in E. coli, individually biosynthetic genes within a recombinant assem-
bled carotenoid pathway can be subjected to in-vitro evolution to generate enzyme
variants with new desired catalytic activities. A directed evolution or in-vitro evolu-
tion approach [149] does not rely on structural information, which in most cases is
not available for natural product biosynthetic enzymes, for the generation of cata-
lytic variants, but instead follows a cycle of mutagenesis (for example, by error-
prone PCR or in-vitro recombination of homologous DNA sequences using per-
haps a DNA-shuffling protocol) and screening of the generated variant library. The
inherent chromatic properties of carotenoids provide an effective screen for novel
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carotenoid compounds as long as the structural modifications affect their chromo-
phore [142]. The enzymes at the start of the carotenoid pathway – phytoene desat-
urase and lycopene cyclase – have been targeted by directed evolution. A mutant
phytoene desaturase was obtained that carries out additional rounds of desatura-
tion of the lycopene carbon backbone to produce 3,4-didehydrolycopene and the
fully conjugated 3′,4′,3,4-tetradehydrolycopene [150]. When coupled with a mutant
lycopene cyclase, a novel pathway to the monocyclic carotenoid torulene was pro-
duced. By combining these in-vitro-evolved pathways with a diverse array of micro-
bial carotenoid-modifying enzymes, a large number of novel carotenoid structures
have been produced in recombinant E. coli [143]. The identification of a novel ca-
rotenoid oxygenase involved in C30 carotenoid biosynthesis in Staphylococcus aure-
us, allowed further expansion of the array of novel C30 and C40 carotenoids, some
of which exhibited interesting violet to dark violet color phenotypes, being pro-
duced in recombinant E. coli [151]. Carotenoid with unusual odd-numbered C35,
C45 and C50 backbone chains have been generated by a combination of directed
evolution and combinatorial biosynthesis [152, 153]. 

13.5

Flavonoids

Flavonoids are ubiquitous complex phenylpropanoid-derived plant natural prod-
ucts. One phenylpropene unit condenses with three acetate units derived from
malonyl-CoA, and this results in a cyclic phenylchromane scaffold. From this pre-
cursor, three major biosynthetic routes leading to: (i) flavonols, anthocyanins, con-
densed tannins (proanthocyanidins); (ii) isoflavonoids; and (iii) stilbenes can be
distinguished (Fig. 13.5) [154]. The biological functions of flavonoids in plants are
various, as is their structural diversity. More than 600 flavonoid structures have
been described as the result of different oxidation-levels, modifications and substi-
tutions of the phenylchromane scaffold [155]. While some flavonoid classes are
ubiquitous in plants, others with specific substitutions of the phenylchromane
scaffold are restricted to certain plant genera or species, and frequently are pro-
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Fig. 13.5 Biosynthetic pathways leading to
flavonoid-derived products in plants.
Major biosynthetic routes for which enzymes
have been characterized on a molecular level
are shown. Common names for differently ox-
idized and substituted phenylcoumarane
structures are capitalized and in bold type.
Cloned genes are in bold type and underlined.
Enzyme abbreviations are as follows: PAL,
phenylammonia lyase; C4H, cinnamate-4-hy-
droxylase; 4CL: coumaroyl-CoA-ligase; CHS,
chalcone synthase; STS, stilbene synthase;
CHI, chalcone isomerase; CHR, chalcone re-
ductase; FNS I/II, flavone synthase; FLS, flav-

onol synthase; FHT, flavonone 3â-hydroxy-
lase; F3′H, flavonoid 3′-hydroxylase; F3′5′H,
flavonoid 3′5′-hydroxylase; DFR, dihydroglavo-
nol-4-reductase; LAR, leucoanthocyanidin re-
ductase; BAN, anthocyanidin reductase;
OMT, O-methyltransferase; UGT, UDP-glu-
cose:flavonoid glycosyl transferase; RT, rham-
nosyl transferase; IFS, isoflavone synthase;
IOMT, isoflavone O-methyltransferase; I2′H,
isoflavone 2-hydroxylase; IFR, isoflavone re-
ductase; VR, vestitone reductase; DMID, 7,2′-
dihydroxy-4′-methoxyisoflavonol dehydratase;
LDOX (ANS), leucoanthocyanidin dioxyge-
nase (anthocyanidin synthase)
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duced only in small quantities and/or under certain environmental conditions. For
example, stilbenes are found in certain plant families such as peanut, grapevine
and pine, whereas isoflavonoids are mostly limited to legumes [156, 157]. 

Flavonoids exhibit a multitude of important functions in plants and, based on
the wealth of publications on flavonoids, these compounds are possibly among one
of the best-studied natural product classes [155–160]. The brightly colored anthoc-
yanins represent flavonoid structures with the most obvious function in plants,
namely attraction of insect pollinators and seed dispersers. Other important func-
tions of flavonoids in plants involve defense against herbivory and microbial patho-
gens, function as signal molecules in bacterial nodulation, in fertility and germina-
tion of pollen and regulation of plant growth and development as well as UV-B pro-
tection. Medicinal activities shown for flavonoid compounds range from scaveng-
ing of harmful reactive oxygen species, enzyme inhibition, anti-inflammatory, vas-
cular and estrogenic activities to cytotoxic antitumor activities [155, 161]. The fre-
quency with which structures having biological activities are found within the
flavonoid natural product class suggests flavonoids as possibly one of the most
promising natural product class for the discovery of new biological activities.

Over the past few years considerable effort has been directed at elucidating the
major flavonoid biosynthetic pathways on an enzymatic and molecular level [154,
156]. The biosynthesis of flavonoids begins with the deamidation of l-phenylala-
nine, catalyzed by phenylammonia lyase (PAL). Successive hydroxylation of the re-
sulting cinnamic acid to coumaric acid by the P450 cinnamate-4-hydroxylase
(C4H), followed by activation to 4-coumaroyl-CoA by coumaroyl-CoA-ligase (4CL),
provides the phenylpropanoid precursor for the first committed step of flavonoid
biosynthesis: the sequential condensation of one coumaroyl-CoA molecule with
three malonyl-CoA molecules by chalcone synthase (CHS). This condensation
forms a chalcone via intramolecular cyclization. CHS is a unimodular polyketide
synthase (PKS) representing a novel class of PKS (type III) [162–165]. Stilbene syn-
thase (STS), responsible for the synthesis of stilbenes in some plant species, car-
ries out the same condensation reactions as CHS, but catalyzes a different ring clo-
sure (Fig. 13.5). Two pathways branch from the chalcone product of CHS: one
leading to isoflavonoids, the other to flavonols, anthocyanins and condensed tan-
nins. (2-S)-Naringenin, the core flavonoid pathway precursor, undergoes various
oxidation and hydroxylation reactions catalyzed by cytochrome P450 monooxyge-
nases and 2-oxoglutarate-dependent dioxygenases to yield flavones, flavanones,
and flavonols. Further reductions, glycosylations, methylations, acylations and
prenylations lead to the synthesis of diverse anthocyanins. The cytochrome P450
enzyme 2-hydroxyisoflavone synthase (IFS) catalyzes the first committed step of
isoflavonoid biosynthesis. Spontaneous dehydration of the resulting unstable 2-hy-
droxyisoflavanone then produces the isoflavones daidzein or genistein, respective-
ly. Subsequent reductions, cytochrome P450-catalyzed oxidations, methylations
and glycosylation modify the isoflavone scaffolds to the diverse isoflavonoid com-
pounds synthesized in legumes [156].

Of all the compound classes discussed so far, flavonoids have the most complete
pathways maps at the level of genes, enzymes, and pathway intermediates. Many
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flavonoid genes have been cloned from diverse plant species and heterologously
expressed in microbial hosts for enzymatic characterization. Flavonoids represent
therefore an ideal class of medicinally important plant compounds to be produced
by metabolically engineered microbial hosts. Although some flavonoids can be
synthesized chemically, their numerous stereocenters are challenging for a syn-
thetic approach. A biosynthetic route via engineered microbial cells on the other
hand could produce enantiomerically pure flavonoids in good yields from inexpen-
sive starting materials.

Recent attempts to reconstruct flavonoid pathways have been very successful in
the generation of flavonoid compounds. Using a hybrid pathway consisting of en-
zymes from a yeast, a Streptomycetes and a plant, the first engineered flavonoid
pathway in E. coli was created [166]. While production levels were relatively low, the
use of bifunctional ammonia lyase enzymes in the pathway allowed for the produc-
tion of two compounds, pinocembrin and naringenin, from phenylalanine and ty-
rosine, respectively [166]. This pathway was then extended with a gene encoding
chalcone isomerase (CHI), which converts the racemic chalcone products from
CHS to the corresponding (2S)-flavanones [167]. The addition of flavone synthase
and flavanone 3â-hydroxylase to the CHI-containing pathway allowed synthesis in
E. coli of the flavones apigenin and chrysin, and of the flavonols kaempferol and ga-
langin, at levels ranging from 1 to 15 mg L–1. A different pathway consisting of
solely A. thaliana genes for PAL, C4H, 4CL, and CHS was reconstructed in E. coli
[168]. Expression of the plant cytochrome C4H resulted in a blockage in the path-
way that was overcome by feeding exogenous 4-coumaric acid. In order to bypass
the difficulties in expressing a plant P450 cytochrome monooxygenase and a com-
plementary reductase in E. coli, a bacterial tyrosine ammonium lyase (TAL) was
cloned from Rhodobacter sphaeroides. The TAL used tyrosine as a starter molecule
and substituted the Arabidopsis PAL and C4H. This shortened biosynthetic path-
way resulted in 250-fold greater naringenin production levels (~21 mg L–1) in E. co-
li compared to the plant, yeast, and bacteria hybrid pathway. In addition, it was
found that phenylpropanoids could be directly fed to recombinant E. coli cultures
for their transformation into modified flavonoid structures. Feeding of 3-(4-hy-
droxyphenyl)propionic acid resulted in production of phloretin, a compound not
formed in the endogenous Arabidopsis pathway.

Like other natural product biosynthetic pathways, flavonoid biosynthesis in-
volves many cytochrome P450-catalyzed hydroxylation and oxygenation reactions.
Considering the difficulty in expressing eukaryotic P450s in active form in E. coli,
S. cerevisiae (a more suitable host for functional P450 expression) has also been in-
vestigated for heterologous flavonoid biosynthesis. Co-expression of PAL from
Rhodosporidium toruloides, 4CL from A. thaliana, and the CHS from Hypericum an-
drosaemum resulted in the production of naringenin (7 mg L–1) and pinocembrin
(0.8 mg L–1) in S. cerevisiae [169]. The available tyrosine precursor pool limited the
flux through the engineered pathway. In addition, several polyketide derailment
products accumulated. A similar pathway with genes from different plant species
yielded up to 28 mg L–1 naringenin when cultures were fed with 4-coumaric acid
[170]. The recombinant flavanone pathway was then extended with two different
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types of flavone synthases, a 2-oxoglutarate-dependent dioxygenase and a cyto-
chrome P450, which yielded the flavones chrysin, apigenin, and luteolin in S. cere-
visiae at levels of 1 to 10 mg L–1 [171]. The stilbene compound resveratrol has also
been produced in S. cerevisiae using a combined poplar and grapevine pathway
[172], but the production levels obtained were extremely low (~1 µg L–1).

13.6

Conclusions

The purpose of this chapter was to highlight the important role that recombinant
microbial cells play in the elucidation of plant biosynthetic pathways and biosyn-
thesis of plant natural products. The current status of three classes of plant secon-
dary metabolites – alkaloids, terpenoids, and flavonoids – were also described. Al-
though alkaloids are the most abundant class of plant secondary metabolites, their
synthetic pathways are complex and difficult to elucidate. The heterologous expres-
sion of alkaloid enzymes in E. coli or S. cerevisiae has been mainly used for single
enzyme characterization. In contrast, both isoprenoid and flavonoid pathways have
been reconstituted in microorganisms to a greater extent. The expression of these
pathways in microorganisms allowed for the optimization of flux and identifica-
tion of regulatory factors involved in secondary metabolite biosynthesis.

Some general principles can be garnered from the examples described in this
chapter. First, the identification of intermediates is critical when predicting the en-
zymes involved in metabolism. The assembly of pathways in microorganisms has
allowed for the stepwise identification of intermediates and characterization of
substrate specificity. Second, enzymes discovered using genomic and proteomic
methods must be individually characterized biochemically in order to isolate and
confirm their specific role in metabolism. Homology alone is not a good enough
indicator of function as there is an abundance of enzymes with similar functions.
Third, many secondary metabolite pathways contain a central intermediate that
branches into diverse products through accessory enzymes. The production of this
central intermediate in microorganisms may be a stepping stone for semi-synthe-
sis or complete recombinant biosynthesis. Fourth, complex plant biosynthetic
pathways can be engineered into microorganisms, but the plant enzymes may
need to be modified in order to function optimally. The engineering of a 13-gene
heterologous pathway for hydrocortisone biosynthesis in yeast demonstrates the
feasibility of reconstructing complex biosynthetic pathways in microbial cells [173].
Finally, hybrid pathways containing genes from different plant and/or microbial
sources can be constructed in microorganisms to produce both natural and “de-
signer” secondary metabolites.
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Production of Therapeutic Antibodies in Plants

Richard M. Twyman, Stefan Schillberg, and Rainer Fischer

14.1

Introduction

Plants have a long history of medicinal use, and today more than one quarter of all
the world’s medicines are either obtained from plants or contain components de-
rived from plants [1]. Until comparatively recently, it was only the natural products
of plants that could be extracted and utilized as medicines. During the 1980s, how-
ever, techniques for gene transfer to plants were developed, and since that time it
has been possible to manipulate the plant genome and create transgenic lines for
the production of particular therapeutic molecules [2]. Some attempts have been
made to alter plant metabolism and produce “small-molecule drugs”, but the great-
est success has been achieved with the expression of recombinant therapeutic pro-
teins. These are traditionally produced either in microbial fermenters or cultured
mammalian cells, which are expensive to establish and maintain, and are limited
in capacity and scalability. By using plants, however, it is possible to address all of
these problems [3–7].

The first potentially therapeutic protein to be expressed in plants was human
serum albumin, which was produced in tobacco and potato leaves and suspension
cells in 1990 [8]. Since then, over 100 pharmaceutical proteins have been produced
in a variety of plants, including tobacco, cereals, legumes, fruit and vegetable crops,
fodder crops, edible foliage such as lettuce and spinach, oilseeds, and aquatic or
unicellular plant species grown in bioreactors [3, 7]. The diversity of pharmaceuti-
cal recombinant proteins produced in such hosts is vast, and due to the variety of
host plants and expression systems, it has been difficult to draw any meaningful
comparisons so as to determine the most suitable platform. Inevitably, the result
has been a large collection of “proof-of-principle” studies which have been subject
to empirical and case-by-case evaluation.

Antibodies are an exception to this general rule. A large number of different anti-
body molecules has been expressed in plants (Table 14.1), but since antibodies of
the same format differ only in their variable regions, viable comparisons can be
made across diverse systems. Research into the production of plant-derived anti-
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bodies has thus helped to evaluate different hosts and expression strategies, for ex-
ample the benefits of different promoters, tissues, subcellular targeting strategies
and downstream processing approaches. As might be expected, antibodies are
therefore at the forefront of commercial molecular farming and are likely to be
among the first plant-derived pharmaceutical proteins available commercially [3, 9].
Thus, in this chapter attention is focused on the production of antibodies in plants.
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Table 14.1 A selection of recombinant therapeutic or diagnostic recombinant 
antibodies produced by molecular farming in plants and reported in the scientific 
literature (many antibodies in commercial development remain undisclosed 
until IP rights have been secured). Antibodies with non-medical applications, 
such as the modulation of plant metabolism or the neutralization of plant 
pathogens, are not listed.

Antigen Antibody Production system Comments Reference(s)  
format 

B-cell lymphoma, scFv Virus vectors in Maximum yield 30.2 µg g–1 leaves 50 
murine 38C13 tobacco leaves

Carcinoembryonic scFv, IgG1 Tobacco agroinfiltration Directed to apoplast or ER. 99 
antigen Maximum yields 5 µg scFv g–1

leaves, 1 µg IgG g–1 leaves

dAb Tobacco, agroinfiltration 47 
and transgenic

scFv Rice, rice cell cultures Directed to apoplast or ER. 28, 100  
Maximum yields 3.8 µg g–1 callus, 
29 µg g–1 leaves, 32 µg g–1 seed

Wheat Directed to apoplast or ER. 28 
Maximum yields 900 ng g–1 leaves,
1.5 µg g–1 seed

Pea Directed to r ER. Maximum yield 27, 28
9 µg g–1 seed 

Colon cancer IgG Virus vectors in tobacco Yield not reported. 80 
antigen leaves

Creatine kinase IgG1, Fab Tobacco leaves Maximum yield 1.3% TSP. 101
Arabidopsis leaves

Rhesus D antigen IgG1 Arabidopsis leaves 102

Ferritin scFv Tobacco leaves 103

Hepatitis B virus IgG Tobacco leaves Up to 25 mg kg–1 104, 105
surface antigen

Herpes simplex IgG1 Soybean Secreted to apoplast. Yield not 36 
virus 2 reported.

HIV antibodies scFv- Tobacco leaves, barley 150 mg g–1 45
in blood fusion grains, potato tubers

Human chorio- scFv, dAb, Tobacco leaves Secreted to apoplast. Maximum 106  
gonadotropin IgG yield 40 mg kg–1 fresh weight



14.2

The Evolution of Recombinant Antibody Technology

14.2.1

The Importance of Recombinant Antibodies

Antibodies are complex glycoproteins which are produced by the vertebrate im-
mune system and recognize and bind to target antigens with great specificity. This
individual and specific binding activity allows antibodies to be used for a variety of
applications, including the diagnosis, prevention and treatment of disease [10, 11].
Based on our own research, we estimate that approximately 1000 therapeutic re-
combinant antibodies are currently being developed by biopharmaceutical compa-
nies worldwide, and over 200 of these are already undergoing clinical trials. A large
proportion of these antibodies recognize cancer antigens, but others have been de-
veloped for the diagnosis and treatment of infectious diseases, autoimmune disor-
ders, cardiovascular disease, blood disorders, neurological disorders, skin disor-
ders, respiratory diseases, eye diseases and transplant rejection [12].

14.2.2

Structure of Naturally Produced Antibodies

Mammalian serum antibodies comprise two identical heavy chains and two iden-
tical light chains joined by disulfide bonds (Fig. 14.1). Each heavy chain is folded
into four domains, two either side of a flexible “hinge” which allows the multimer-
ic protein to adopt its characteristic Y-shape. Each light chain is also folded into two
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Table 14.1 Continued

Antigen Antibody Production system Comments Reference(s)  
format 

Human IgG IgG1 Alfalfa Secreted to apoplast. Maximum 35 
yield 1% TSP.

Interleukin-4 scFv Tobacco roots 107

Interleukin-6 scFv Tobacco roots Up to 0.18% TSP

Streptococcal sur- sIgA Tobacco leaves Secreted to apoplast. Maximum 79  
face antigen (I/II) yield 500 µg g–1 fresh weight 

IgG1 Tobacco leaves Directed to plasma membrane. 108 
Maximum yield 1.1% TSP leaves

IgG1 Secretion from tobacco Up to 11.7 µg g–1 dry root weight 33
roots per day

Substance P VH Tobacco leaves Secreted to apoplast. Maximum 109 
yield 1% TSP.

ER: endoplasmic reticulum; TSP: total soluble protein.



domains. The N-terminal domain of each of the four chains is variable – that is, it
differs among individual B-cells due to unique rearrangements of the germline im-
munoglobulin genes. This part of the molecule is responsible for antigen recogni-
tion and binding. The remainder of the antibody comprises a series of constant do-
mains, which are involved in effector functions such as immune cell recognition
and complement fixation. Below the hinge, in what is known as the Fc portion of
the antibody, the constant domains are class-specific. Mammals produce five class-
es of immunoglobulins (IgG, IgM, IgA, IgD and IgE) each with different effector
functions. The Fc region also contains a conserved asparagine residue at position
297 to which N-glycan chains are added. The glycan chains play an important role
both in the folding of the protein and the performance of effector functions [13].
Antibodies are found in mucosal secretions as well as serum, but these secretory
antibodies have a more complex structure than their serum counterparts. They are
dimers of the serum-type antibody, the two monomers being attached by an addi-
tional component called the joining chain. There is also a further polypeptide
called the secretory component, which protects the antibodies from proteases.

14.2.3

Antibody Derivatives

The constant regions of native immunoglobulins are not required for antigen rec-
ognition, so it is possible to express smaller derivative molecules and still retain
antigen-binding specificity [11]. Such derivatives include Fab and F(ab′)2 frag-
ments (which contain only the sequences distal to the hinge region) and single
chain Fv fragments (scFvs) which contain the variable regions of the heavy and
light chains joined by a flexible peptide chain. Such derivatives are often more ef-
fective as drugs than full-length immunoglobulins because they show increased
penetration of target tissues, reduced immunogenicity, and they are cleared from
tissues more rapidly. Other derivatives include bispecific scFvs, which contain the
antigen-recognition elements of two different immunoglobulins and can bind to
two different antigens [14], and scFv-fusions, which are linked to proteins with ad-
ditional functions [15, 16] (Fig. 14.1).
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Fig. 14.1 Types of recombinant antibody expressed in plants. rAB = recombinant
antibody; Fab = fragment antigen binding; scFv = single chain Fv fragment. 
Note: A color version of this figure is available in the color plate section.



14.2.4

Humanized Antibodies

The traditional source of monoclonal antibodies is murine B cells. To provide a
constant source of the antibody, B cells of appropriate specificity are fused to im-
mortal myeloma cells to produce a hybridoma cell line. The use of murine hybrid-
oma-derived antibodies as therapeutics is limited because the murine components
of the antibodies are immunogenic in humans (see below). Therefore, numerous
strategies have been developed to humanize murine monoclonal antibodies [17],
culminating in the production of transgenic mice expressing the human immuno-
globulin repertoire [18]. An alternative approach is to use phage display libraries
based on the human immune repertoires for the production of scFvs. Phage dis-
play is advantageous because high-affinity antibodies can be identified rapidly,
novel combinations of heavy and light chains can be tested, and the DNA sequence
encoding the antibody is indirectly linked to the antibody itself [19, 20]. This avoids
the laborious isolation of cDNA or genomic immunoglobulin sequences from hy-
bridoma cell lines.

14.3

Production of Recombinant Antibodies in Plants

14.3.1

Traditional Expression Systems

Most antibodies approved by the Food and Drug Administration (FDA) are pro-
duced in mammalian cells. There are several principal cell lines of choice: Chinese
hamster ovary (CHO) cells, the murine myeloma cells lines NS0 and SP2/0, baby
hamster kidney (BHK), and human embryonic kidney (HEK)-293 cells, and the hu-
man retinal line PER-C6. Indeed, these have been used to produce almost all of the
mammal-derived recombinant therapeutic products licensed by the FDA [21, 22].
The main reason for this is the belief that mammalian cells yield authentic prod-
ucts, particularly in terms of glycosylation patterns. However, there are minor dif-
ferences in glycan chain structure between rodent and human cells. For example,
human antibodies contain only the sialic acid residue N-acetylneuraminic acid
(NANA), while rodents produce a mixture of NANA and N-glycosylneuraminic ac-
id (NGNA) [23]. There are also many disadvantages to mammalian cell cultures, in-
cluding the high set-up and running costs, the limited opportunities for scale-up,
and the potential contamination of purified recombinant antibodies with human
pathogens. Bacterial fermentation systems are more cost-effective than mammal-
ian cell cultures, and are therefore preferred for the production of Fab fragments
and scFvs as these derivatives are not glycosylated. Even so, the yields of such prod-
ucts in bacteria can be low because the proteins do not fold properly [11].

A more recent development is the production of antibodies in the milk of trans-
genic animals [24, 25]. Recombinant proteins can be harvested periodically, and

32314.3 Production of Recombinant Antibodies in Plants



the yields are potentially very high. For example, a humanized version of the BR96
anti-Lewis Y monoclonal antibody developed by Bristol Myers Squibb for cancer
therapy has been produced in goats. Expression levels ranged from 0.1 to 14 g L–1,
the antibody was functional, and it could be isolated and prepared to a purity in ex-
cess of 99% [26]. However, the production of transgenic farm animals is a difficult
process and involves a long development phase with many regulatory hurdles.
Scale-up is slow, being dependent on the animal’s natural breeding cycle, and it is
necessary to maintain a founder herd carrying the transgene of interest. As with
mammalian cell lines, there are safety concerns about the transmission of patho-
gens or oncogenic DNA sequences.

14.3.2

The Advantages of Plants

Plants are advantageous as production systems because they address the rapidly in-
creasing demand for diagnostic and therapeutic antibodies, and the insufficient ca-
pacity of the current supply chain to provide them. It has been estimated that fer-
menter production capacity must increase at least tenfold over the next decade in
order to meet the projected increase in demand, given that over 300 novel protein-
based drugs and diagnostics are currently going through clinical trials and many
more are in the development pipeline [10]. As stated above, antibodies represent a
large proportion of these molecules.

The reliance on microbial and mammalian cell cultures for recombinant anti-
body production not only places a heavy demand on worldwide production capac-
ities, it also drives up the price of the resulting drugs. The expense of building and
running fermenter systems makes the production of all but the most valuable re-
combinant proteins economically unfeasible. This reflects the need for equipment,
skilled workers and, in the case of mammalian cell cultures, expensive culture me-
dia. Transgenic plants on the other hand can be grown and harvested using tradi-
tional agricultural practices and do not need any specialized medium [3, 7]. The
cost of scaling fermenter-based production up or down in response to demand can
be high, whereas with plants the same can be achieved simply by changing the
amount of land dedicated to a particular “pharma” crop. Plants are also inherently
safe, lacking the viruses, prions and other undesirable components that could po-
tentially exist in mammalian cell cultures and transgenic animals. The presence of
endotoxins in bacterial cultures can place similar limitations on the use of micro-
bial production systems. The major advantage of these fermenter systems, howev-
er, is the constant, defined environment and the regulatory framework that has
evolved around them. In contrast, a disadvantage of field-grown plants is that it will
be much more difficult to apply the principles of good manufacturing practice
(GMP) given the variable climate, soil composition and weather. It remains to be
seen how the rigid regulatory framework that currently governs fermenter-based
production systems can be adapted for field-grown plants.

Another issue addressed by the use of plant production systems is the delivery
and storage of medicines. The developed world is accustomed to readily available
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drugs in various formulations, and most of us take for granted the ability to store
and distribute medicines in either refrigerated containers or as frozen stocks. In
the developing world, however, reliable storage and distribution networks cannot
be guaranteed, and delivering medicines to those most in need can be very diffi-
cult. Plants provide the ideal solution to this problem because proteins expressed
in certain plant tissues (e.g., cereal seeds) remain stable for years at ambient tem-
peratures without loss of activity, and can therefore be stored and distributed with-
out a cold chain [6].

14.3.3

Limitations that Need to be Addressed

Notwithstanding the benefits discussed above, several issues need to be addressed
in order for transgenic plants to become widely accepted as a mainstream alterna-
tive to microbial and mammalian cell fermentation. First and foremost, it will be
necessary to increase the yields of recombinant antibodies that can be achieved us-
ing transgenic plants, as in most cases these fall below the threshold required for
commercial viability. A standardized system for reporting yields also needs to be
agreed by the community. At the current time, research teams in different labora-
tories present their yields in various ways that are difficult to compare directly –
these may be as percentage total soluble protein, or as yield per gram fresh weight
or dry weight, or as a concentration in exudates or culture supernatant. Research-
ers are also breaking away from the idea that achieving high expression levels is the
key goal of molecular farming. Instead, attention is turning to concepts such as im-
proving protein stability, and improving the downstream processing stages of pro-
duction to improve protein quality and batch-to-batch consistency. In this context,
glycosylation is an important consideration. Although plants and mammals add
glycan chains to the same positions on recombinant antibodies, the precise struc-
ture of the glycans is distinct. This, together with the problem of heterogeneous
glycosylation, must be addressed before plants can be considered as suitable for
antibody production under GMP conditions. The products themselves also need to
be subjected to a battery of tests for toxicity, stability and allergenicity to ensure that
they are “biosimilar” to equivalent recombinant antibodies synthesized in ferment-
er-based systems. Another widespread public concern about the use of transgenic
plants as pharmaceutical factories is that of biosafety, which is based on fears of po-
tential transgene spread in the environment, pollution of the human food chain
with recombinant plant material, and the unknown effects of transgenic plants ex-
pressing pharmacologically active molecules on non-target organisms in the envi-
ronment. These issues can be resolved through appropriate advances in formula-
tion, quality assurance and control, and waste disposal, as well as regulatory ap-
proval and stewardship with consumers and non-governmental organizations
(NGOs).
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14.4

Current Objectives in the Field

14.4.1

Economic Considerations

One of the major advantages of transgenic plants for antibody production is the
predicted low costs of large-scale production. Both the capital investments and run-
ning costs required for transgenic plants are significantly lower than those of cell-
based production systems, and it has been estimated that recombinant proteins
can be produced in plants at 2–10% of the cost of microbial fermentation systems,
and at 0.1% of the cost of mammalian cell lines, depending on the yield [3, 7]. The
actual cost saving depends on the required purity, since the majority of production
costs lie not in the production system itself, but in the downstream processing
steps required to extract and purify the pharmacologically active ingredient. The
fewer processing steps required, the lower the cost. For the production of other
clinical grade proteins, such as blood products, cytokines, enzymes and antibodies,
the processing steps are similar to those of any other production system, and the
savings must be made upstream in the generation, growth and harvesting of the
transgenic material.

Downstream processing costs in plants can be minimized through the exploita-
tion of particular tissues, or the use of specific expression technologies. The cost of
processing is related to the concentration of the product in the starting material, so
the yield of protein as a proportion of plant biomass is very important. Recombi-
nant protein expression in cereal seeds is advantageous in this context because the
product is concentrated in a small tissue volume that has a fairly simple composi-
tion compared to vegetative tissues [27, 28]. Different aspects of plant physiology
can also be exploited to simplify downstream processing. For example, SemBioSys
Genetics Inc. has developed a proprietary technology used with oilseed crops in
which the target protein is expressed as a fusion with oleosin, an endogenous pro-
tein that is restricted to oil bodies. The fusion protein can be recovered from oil
bodies using a simple extraction procedure and the recombinant protein separated
from its fusion partner by endoprotease digestion [29]. In a similar approach devel-
oped in our laboratory, recombinant proteins are expressed as fusion constructs
containing an integral membrane-spanning domain derived from the human T-
cell receptor [30]. The recombinant protein accumulates at the plasma membrane
and can be extracted in a small volume using appropriate buffers and detergents.
A rather different approach is the excretion of recombinant proteins into the root
exudates or leaf guttation fluid of transgenic tobacco plants. This system is being
developed by Phytomedics Inc., initially for the production of human secreted al-
kaline phosphatase [31, 32], but now also for the production of recombinant anti-
bodies and other proteins [33]. The requirement for hydroponic facilities limits the
scale of this system, but it may prove useful for the production of diagnostic anti-
bodies and pharmaceuticals with small, specialized markets.
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14.4.2

Choice of Plant Species and Platform for Antibody Production

The species used for production, and also the type of production platform, each
play a significant role in the final yield of recombinant protein. A decision must be
made to use terrestrial plants, aquatic or unicellular plants, or plant cell suspen-
sions. Terrestrial plants have the advantage of scalability, while the others offer
containment and the ability to use defined growth conditions that will be more
likely to comply with GMP. Among the terrestrial plants, a decision must be made
to use either food or non-food crops, and then to use leafy crops, cereals, fruit/veg-
etable crops, fiber crops or oilseeds.

Tobacco is the most widely used leafy crop because it has a massive biomass
yield and well-established procedures for gene transfer and expression. As a non-
food crop, pharmaceutical tobacco material is unlikely to contaminate the human
food chain, even if the existing infrastructure for large-scale tobacco cultivation,
harvesting and processing is exploited. Tobacco is also extremely versatile, in that
both the nuclear and chloroplast genome can be transformed, it is suitable for tran-
sient expression by agroinfiltration, and it is also the primary system for virus-
based expression (see below). One disadvantage of tobacco, however, is the pres-
ence of toxic alkaloids in vegetative tissues (although there are low-alkaloid varie-
ties that can be used for the production of pharmaceutical proteins). Another is the
heterogeneous glycan structures that are produced by tobacco cells.

Alternative leafy crops for pharmaceutical production include alfalfa, lettuce and
spinach, all of which also have high biomass yields. Alfalfa is a legume, and its abil-
ity to fix nitrogen is beneficial in terms of reduced input costs [34]. This crop has
been shown to produce one antibody with homogeneous glycans, which may make
it more compatible with GMP conditions than tobacco [35]. However, it is not alto-
gether clear if the result can be extrapolated to other proteins. Alfalfa is low on the
list of desirable crops for open-field cultivation because it is cross-pollinated and
has wild relatives in areas where it is cultivated. However, for contained production
it is being developed as a proprietary production system by the Canadian biotech-
nology company, Medicago. Soybean is also a legume, and while typically classed
as a seed-based production vehicle, the only pharmaceutical to be expressed in soy-
bean thus far is an antibody that was expressed in the leaves [36]. Soybean is more
desirable than alfalfa from a biosafety perspective because it is self-pollinating and
has no wild relatives (at least in the United States), but disappointing yields have
led to this crop being largely abandoned as a commercial production platform. Let-
tuce and spinach, as edible salad crops, have been used for the production of vac-
cines [37, 38], but not thus far for antibodies.

Although favorable in terms of biomass yield, perhaps the greatest common dis-
advantage of leafy crops is that recombinant proteins are synthesized in an aque-
ous environment and are subject to rapid proteolytic degradation after harvesting
[6]. To maintain high yields, foliage must be processed on-site, or transported as
dried or frozen material, which adds considerably to production costs. Further-
more, oxidizing substances released from tobacco and alfalfa leaves during initial

32714.4 Current Objectives in the Field



grinding and extraction can interfere with downstream processing. Finally, it
should be noted that the expression of active recombinant proteins in vegetative
tissues, such as leaves, has the potential to interfere with plant growth and devel-
opment, although this has not been demonstrated thus far for any pharmaceutical
protein. This is not the case with the seed crops discussed below.

The expression of proteins in cereal or grain legume seeds potentially allows the
long-term storage of recombinant antibodies, even at room temperature, because
mature seeds are desiccated and have evolved to accumulate storage proteins in a
stable environment. It has been demonstrated that antibodies expressed in seeds
remain stable for at least three years, with no detectable loss of activity [39]. Cereal
seeds also lack the oxidizing compounds present in tobacco and alfalfa leaves, thus
improving the efficiency of downstream processing. Furthermore, since seeds are
not vegetative organs, potentially toxic proteins accumulating in seeds will not af-
fect vegetative plant growth. Four cereal species have been evaluated as production
systems for pharmaceutical proteins – maize, rice, wheat, and barley.

Maize is the most widely adopted and has been used as the major production
crop by a number of molecular farming companies (including Prodigene Inc.,
which used maize to produce the first commercial recombinant proteins from
plants, the technical reagents avidin, trypsin and â-glucuronidase). This largely re-
flects the fact that maize is the most widely grown crop in North America, it is easy
to transform and manipulate in the laboratory, it has the largest biomass yield of
the four species, and it is the easiest to scale-up in the field. However, maize is al-
so a cross-pollinating species and a food crop. For use in molecular farming, re-
search is ongoing into the use of visibly distinct varieties that are unlikely to be
mixed accidentally with food.

Rice and barley have been developed as production hosts by other companies, for
example Ventria Bioscience for rice and Maltagen and ORF Genetics for barley.
High product yields have been demonstrated for various pharmaceutical products
in all three cereals, while lower yields have been achieved in wheat and pea. Rice,
wheat, pea and tobacco have been compared in a head-to-head study with the same
recombinant antibody expressed using the strongest promoter available for each
host plant [40]. Rice plants showed the highest overall yields per unit biomass, but
tobacco had a higher overall yield due to the greater biomass output per hectare.
One potential disadvantage of seeds as production vehicles is that they can give rise
to plants if accidentally dispersed, a problem that does not occur with harvested
leaves. That is, seeds from “pharma” plants can be regarded as viable genetically
modified organisms, making them subject to stricter regulatory practices, particu-
larly in terms of processing and transport.

Fruit and vegetable crops have also been investigated as production systems,
mainly for oral vaccines because fruits and many vegetables can be eaten raw or as
partially processed tissue. Potato has been developed as the major model system
for vaccine production, and has been used in three of the six clinical trials involv-
ing vaccines from transgenic plants [41, 42]. However, potatoes have also been
used as a general production host for antibodies [43, 44] and other biopharmaceu-
ticals based on antibodies [45]. Tomato has also been used for the production of

328 14 Production of Therapeutic Antibodies in Plants



several candidate vaccines as well as recombinant antibodies [40]. This fruit is po-
tentially advantageous because it has a high biomass yield per hectare and is grown
in glasshouses, offering better containment than other fruits and vegetables. Oth-
er such crops, including carrot, sweet potato and bananas have been investigated
for the production of vaccines but not yet for antibodies.

Various other crops have been considered as hosts for recombinant protein ex-
pression, including oilseeds, cotton, sugarcane, and sugar beet. One advantage is
that byproducts can be used to offset the price of production; for example, special-
ty sugars from cane juice from which the recombinant protein has already been ex-
tracted. One downside is that some of these byproducts, especially oils and fibers,
can interfere with downstream processing, although this is turned to an advantage
in the SemBioSys oleosin-fusion technology used in canola and safflower, as de-
scribed above. Another potential problem is that regulatory hurdles may prevent
the use of byproducts from transgenic plants producing pharmaceuticals. As yet,
none of these alternative terrestrial crops has been used for antibody production.

Transgenic terrestrial plants are not the only plant-based systems suitable for
antibodies, and indeed the long development times involved are viewed by some as
a disadvantage of these platforms despite the ultimate benefits of economy and
scale. One way in which developmental times can be reduced is to rely on transient
production systems which avoid stable gene transfer and can be used for moder-
ate-scale production in containment, particularly in the early stages of process de-
velopment. One example of this is the transient expression of recombinant pro-
teins in tobacco and alfalfa leaves through agroinfiltration, a process in which Agro-
bacterium tumefaciens is introduced into the gaps between leaf cells by vacuum in-
filtration, resulting in the short-term production of recombinant proteins [46]. This
has been used for several years as an initial test system to verify vector performance
and allow the analysis of small amounts of recombinant proteins before commit-
ting to the expense and timescale required for transgenics [47], but now it is emerg-
ing as a useful production system in its own right. Baulcombe and colleagues have
shown that the prevention of gene silencing in agroinfiltrated leaves can increase
protein yields by up to 50-fold [48]. Furthermore, researchers at Medicago Inc. have
described how the agroinfiltration of alfalfa leaves can be scaled up to 7500 leaves
per week, for the production of microgram quantities of recombinant protein [49].

Virus-infected plants have also been used to produce pharmaceutical proteins,
including antibodies [50, 51]. While these can, in theory, at least be grown on the
same scale as transgenic plants, the development of producer lines is much quick-
er because virus infections take days or weeks to establish compared to the months
or years required to produce transgenic plants. High-level expression is possible
because viral replication is prodigious and infections are systemic. Virus-infected
plants have been developed as a platform technology by several companies, includ-
ing Large Scale Biology Corp. (who have performed Phase I clinical trials on at
least 13 scFv antibodies) and Icon Genetics. The latter company has focused on the
development of a systemic viral transfection system known as magnifection, which
has produced impressive yields and is the basis of an emerging commercial pro-
duction platform [52]. As well as viruses expressing full-length transgenes yielding
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recombinant proteins that are extracted from infected plants using the same pro-
cedures developed for transgenic plants, a quite separate technology platform in-
volves the use of plant virus particles to display the epitopes of animal viruses and
other pathogens as coat fusion proteins (for reviews, see [53, 54]).

Suspension cell cultures derived from whole plants (e.g., tobacco and rice) possess
many of the advantages of whole plants in terms of safety and capacity for the fold-
ing and modification of human proteins [55–57]. They are also cheaper to maintain
than mammalian cells because they require a relatively simple, synthetic growth
medium and they allow the product to be secreted into the medium for purifica-
tion. Current challenges which need to be addressed include the relatively low
yields (these need to be increased at least tenfold before the process becomes com-
mercially feasible) and the genetic instability of many plant cultures [57]. As an al-
ternative, bioreactors of aquatic plants such as Lemna minor [58], or cultures of al-
gae [59] or moss [60] can be used as production systems. The Lemna system has
been pioneered by companies such as Lemnagene and Biolex, and has successful-
ly been used to produce a number of antibodies in preliminary studies [58]. The
moss Physcomitrella patens is a particularly promising system because it is one of
the few plant species known to be amenable to gene targeting by homologous re-
combination. This provides the potential to knock out genes encoding the enzymes
responsible for adding non-mammalian glycan structures to recombinant glycop-
roteins [60].

14.4.3

Product Yields: Strategies to Enhance Transgene Expression 
and Protein Accumulation

The intrinsic production capacity of the chosen expression platform is a property
that cannot be modified easily, because it is dependent on the overall biomass yield
of the crop. However, the specific yield of recombinant protein per unit of plant
biomass can be influenced by the optimization of transgene expression, which is
achieved through expression construct design. Perhaps the most important com-
ponent of the expression construct is the promoter used to control the transcrip-
tion of the transgene. For dicotyledonous species such as tobacco, potato and toma-
to, the strong and constitutive cauliflower mosaic virus 35S promoter (CaMV 35S)
is often chosen to drive transgene expression [61]. In cereals, the CaMV 35S pro-
moter has a lower activity and the maize ubiquitin-1 (ubi-1) promoter is preferred
[62]. Regulated promoters can be used in preference to constitutive promoters to
improve practicality and biosafety. For example, although constitutive promoters
allow high-level accumulation of recombinant proteins in seeds, the proteins are
also expressed in leaves, pollen, and roots. The use of seed-specific promoters
largely restricts recombinant protein accumulation to the seeds, so the vegetative
organs do not accumulate detectable levels of the recombinant protein. This in-
creases the biosafety of the plants, since adventitious contact with non-target or-
ganisms is unlikely [63]. Indeed, the use of inducible promoters [64] means that re-
combinant protein synthesis can be delayed until just before harvest, or even after
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harvest as is the case for the CropTech MeGA promoter system (mechanical gene
activation) which employs a wound-inducible promoter to activate gene expression
when the harvested tobacco leaves are shredded prior to protein extraction [65].
However, many of the regulated promoters that have been described show some
leakiness; for example, many nominally seed-specific promoters are also active in
pollen.

After promoter choice, the next most important aspect of construct design is the
inclusion of sequences that control subcellular targeting of the protein. This is a
general method to increase the yield of recombinant proteins because the compart-
ment in which a recombinant protein accumulates influences its folding, assembly
and post-translational modification [3, 7]. Comparative targeting experiments with
full-size immunoglobulins and single-chain Fv fragments have shown that the se-
cretory pathway is a more suitable compartment for folding and assembly than the
cytosol, and is therefore advantageous for high-level protein accumulation [66, 67].
The endoplasmic reticulum (ER) provides an oxidizing environment and an abun-
dance of molecular chaperones, while there are few proteases. Proteins are direct-
ed to the secretory pathway using either a heterologous or endogenous signal pep-
tide, located at the N-terminus of the native protein. Such proteins are co-transla-
tionally imported into the ER and eventually secreted to the apoplast, a supracellu-
lar network of interlinked compartments underlying the cell wall. Depending on
its size, a protein can be retained in the cell wall matrix or it can leach from the cell.
Although the majority of recombinant proteins are generally more stable in the ap-
oplast than the cytosol, they are even more stable in the ER lumen. Therefore, anti-
body expression levels can be increased even further if the protein is retrieved to
the ER using an H/KDEL C-terminal tetrapeptide tag in addition to the signal pep-
tide [68]. Accumulation levels are generally two- to tenfold greater compared with
an identical protein lacking the KDEL signal [69]. As an added benefit, antibodies
retrieved in this manner are not modified in the Golgi apparatus, which means
that they possess high-mannose glycans but not plant-specific xylose and fucose
residues [70].

High-level recombinant protein expression has also been demonstrated follow-
ing transformation of the chloroplast genome in higher plants [71, 72]. Early stud-
ies focused on the tobacco plastid genome, and several examples of pharmaceuti-
cal protein production in tobacco chloroplasts have already been reported. The ex-
pression of human growth hormone in tobacco chloroplast has been reported at
levels approaching 8% total soluble protein (TSP) [73]. Similarly, human serum al-
bumin has been produced at levels exceeding 11% TSP [74], and production of the
cholera and tetanus toxin fragments at levels up to 25% TSP has been reported [75,
76]. Further advantages of the chloroplast system are the natural containment both
in terms of the transgene (functional chloroplast DNA is not found in the pollen of
most crops, preventing transgene spread by outcrossing) and the product itself ac-
cumulates within the chloroplast limiting effects on the host cell. Limitations in-
clude the absence of reliable chloroplast transformation systems other than for al-
gae and solanaceous plants, and the absence of glycosylation and other forms of
post-translational modification in the chloroplast. Therefore, the chloroplast sys-
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tem for terrestrial plants is currently limited to the production of relatively simple
aglycosylated proteins in tobacco, tomato, potato, cotton, and soybean [72].

Product yields can be increased not only through construct design, but also
through the implementation of a selection and backcrossing program once trans-
genic plants are available. In the case of maize, it has proven to increase the yield
of a recombinant enzyme over 70-fold in only six generations, and to increase the
yield of recombinant avidin over 150-fold in eight generations [77]. There is no rea-
son why the same principles should not apply to pharmaceutical proteins, includ-
ing antibodies.

14.4.4

Protein Folding, Assembly, and Glycosylation

The ability of plants to fold and assemble complex human proteins has been dem-
onstrated by the successful production of functional serum antibodies using plants
carrying two transgenes (encoding the heavy and light chain components, respec-
tively). Such antibodies comprise four polypeptides – two heavy and two light
chains – covalently joined by disulfide bonds [78]. More remarkably, plants also as-
semble functional secretory antibodies, which have 10 polypeptides representing
four different polypeptide chains (the heavy and light chains, and additional join-
ing chain and secretory component subunits) [79, 80]. Two different cell types are
required to produce and assemble such antibodies in mammals.

Although the protein synthesis and folding pathways are highly conserved
between plants and animals, there are some differences in the capacity for post-
translational modification. Plants do not, for example, hydroxylate proline residues
in recombinant collagen. There are also various differences in glycan structure:
plant-derived recombinant human glycoproteins tend to contain the carbohydrate
groups â(1→2) xylose and α(1→3)fucose in the core glycan, which are absent in
mammals, but generally lack the terminal galactose and sialic acid residues that
are found on many native human glycoproteins (Fig. 14.2). Since glycan structures
can influence the solubility, stability, immunogenicity and biological activity of
antibodies, the “humanization” of glycan structures produced in plants has been
an important topic of research and debate in the scientific community. Although
no plant-derived antibodies have thus far demonstrated unintended immunoge-
nicity in either the human or murine immune systems [81], there has been consid-
erable interest in modifying the plant glycosylation pathway to humanize the gly-
can profile of recombinant proteins. Several changes in the pathway are required
to produce proteins with typical human glycan structures. Strategies used include
the in-vitro modification of plant-derived recombinant proteins by purified human
â(1,4)-galactosyltransferase and sialyltansferase enzymes [82] and the expression
of human â(1,4)-galactosyltransferase in transgenic plants to produce recombinant
antibodies with galactose-extended glycans [83]. In the latter case, 30% of the anti-
body was galactosylated, similar to the proportion found in hybridoma cells. In-vivo
sialylation will be more difficult to achieve because plants lack the precursors and
metabolic capability to produce this carbohydrate group. A recent report docu-
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menting sialylation in A. thaliana suspension cells has been challenged, although
the subject remains a matter of controversy [84–86]. In order to remove the non-
mammalian â(1→2) xylose and α(1→3)fucose residues, some research teams have
explored the possibility of inhibiting the enzymes responsible for synthesizing
these groups, while in one case this goal has been achieved in whole A. thaliana
plants by using gene knockout techniques [87]. The moss Physcomitrella patens can
also be modified by gene targeting to eliminate these enzymes [60].

14.4.5

Biosafety Concerns

The biosafety of transgenic plants producing recombinant pharmaceuticals has a
major impact on public opinion and, in turn, influences the political and regulato-
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Fig. 14.2 Two example s of complex glycans produced in plants.
(A) Short-chain complex glycan. (B) Long-chain complex glycan.
Note the presence of xylose residues and α(1,3)-linked fucose
residues, which are not found in mammals.



ry framework governing pharmaceutical production and biotechnology in general.
Specific biosafety risks fall into two categories, which can be described as the risk
of transgene escape and the risk of unintended exposure to the recombinant pro-
tein [63]. The risk of transgene spread reflects the potential for transgene DNA se-
quences to spread outside the intended host plants and production site. This can
result in the growth of transgenic crops in other cultivated fields or in non-cultivat-
ed areas, and the spread of foreign DNA to other plants (and possibly to microbes
and animals) and the uncontrolled production of recombinant proteins in natural
settings. Mechanisms of transgene spread include the dispersal of transgenic
plants or seeds by wind, water or by human and animal activities and outcrossing
via transgenic pollen. The risk of unintended exposure concerns the potential for
any organism (including humans) to come into contact with the recombinant pro-
tein produced by a transgenic plant. Many different mechanisms can be involved,
including herbivory and parasitism, the exposure of pollinating insects to trans-
genic pollen, the exposure of microbes in the rhizosphere to root exudates, the ex-
posure of non-target microbes and animals to proteins secreted in the leaf gutta-
tion fluid, the release of recombinant proteins by dead and decaying transgenic
plant material, and the contamination of food or feed crops during harvesting,
transport, processing and/or waste disposal.

An appropriate choice of production species can go a long way to prevent or min-
imize transgene spread by dispersal or vertical gene transfer. Certain plants have
been singled out as inappropriate hosts by regulatory organizations [88, 89]. For ex-
ample, alfalfa and rapeseed have been highlighted as unsuitable for field cultivation
because they are bee-pollinated, sexually compatible with abundant and local weed
species, and the seeds can lie dormant for several years, making volunteer plants
difficult to isolate and destroy. Note that this does not compromise their merits as
production hosts if they are grown under containment. Other species have been
more readily accepted because of the lower risks of transgene spread, for example
potato (male-sterile), sugar beet and rice (self-pollinating). The major current pro-
duction crops – maize and tobacco – have intermediate status for field cultivation.
Again, however, it should be emphasized that this does not influence their advan-
tages as production crops under containment.

Given an appropriate choice of host species, the only way fully to avoid transgene
spread from field plants to compatible crops and wild species is by strict contain-
ment. The aim of containment is to prevent seed and pollen dispersal, prevent the
survival of dispersed seeds and pollen, or prevent gene flow from viable pollen. The
containment may be physical and based on habitat barriers. For example, trans-
genic plants can be maintained in greenhouses, in artificially irrigated desert plots
miles from any other plants, or in underground caverns and caves [90]. Alternative-
ly, the physical containment may be focused on individual plants. For example,
flowers can be emasculated before viable pollen has developed (not an option for
seed- or fruit-based production, but suitable for leafy or vegetable crops), or the
flowers/fruits may be concealed in plastic bags. Isolation zones are often placed
around transgenic crops. These can be barren, but a more suitable alternative for
insect-pollinated crops is to provide a zone of non-insect-pollinated plants which
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would discourage the insects from leaving the transgenic zone. Barrier crops – that
is, a border of non-genetically modified plants of the same species as the transgen-
ic crop – are also useful as these can absorb much of the pollen released by trans-
genic plants and then be destroyed after flowering.

Biological containment measures provide additional barriers to gene flow, and
many different strategies have been tested. In some cases, natural genetic barriers
have been exploited. For example, pharmaceutical production in self-pollinating
species (e.g., rice, wheat, pea) or crops with no sexually compatible wild relatives
near the site of production provide a first level of defense against gene flow. Simi-
larly, crops with asynchronous flowering times or atypical growing seasons are
useful. Cleistogamy (self-fertilization before flower opening) is an extension of the
above, and could be engineered into crops used for molecular farming by modify-
ing the architecture of flower development. In practice, however, there is always a
residual risk of outcrossing. Another potential strategy, yet to be fully explored, is
the exploitation of apomixis (embryo development in the absence of fertilization).
Transformation strategies can also be adapted to take advantage of natural barriers
– for example, chloroplast transformation (which prevents gene flow by outcross-
ing; see above) and genomic incompatibility, which is suitable for polyploid species
such as wheat that hybridize with wild relatives (in this approach, the transgene is
placed on a wheat chromosome that does not contribute to the genome of the
hybrid offspring). These natural mechanisms may be augmented with artificial
genetic strategies including male sterility, transgene mitigation (tight linkage
between the transgene encoding the recombinant protein and another gene that
confers a selective disadvantage on wild plants carrying the gene, but not those cul-
tivated under defined conditions), and genetically controlled seed sterility. As well
as the transgenes encoding the pharmaceutical products of interest, marker genes
used to facilitate plant transformation may also spread by the mechanisms dis-
cussed above. However, unlike the pharmaceutical transgenes, such markers are
no longer necessary once the transgenic line has been established. For this reason,
a suitable strategy to prevent the spread of marker genes is to excise these genes
from the transgenic lines. The removal of marker genes from nuclear transgenics
has been reviewed in detail [91] and has also been achieved in plastid transfor-
mants [92].

There are numerous genetic strategies to avoid unintended exposure both by
“natural” processes such as adventitious herbivory, and by human activities such
as the unintentional mixing of transgenic and non-transgenic crops during har-
vesting, transport, refining, and processing. Unintended exposure during cultiva-
tion can be prevented using restricted promoters, especially systems such as the
CropTech post-harvest expression technology discussed above. The protein can al-
so be expressed as an inactive precursor which is safe if consumed accidentally. To
avoid contamination by human error, there should be a clear distinction between
pharmaceutical and food plant material. The best way to ensure segregation is
through the use of non-food crops such as tobacco for production, as these never
come into contact with food. Where food crops are used, a rigorous series of regu-
latory practices should be in place from the farm to the factory, ensuring complete
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isolation of transgenic material during growth, harvesting, transport, storage, pro-
cessing, extraction and waste disposal, and this should supported by validated pro-
cedures for cleaning shared equipment. An important step towards segregation is
identity preservation through the use of visually distinct non-food varieties for
pharmaceutical production, such as purple maize [63], or the use of visual marker
genes such as DsRed and GFP (green fluorescent protein) to allow pharma materi-
al to be identified.

14.5

Plant-Derived Antibodies in Clinical Trials

Three types of plant-derived antibody have been tested in Phase II clinical trials.
One of these is a full-length IgG specific for EpCAM (a marker of colorectal cancer)
produced in maize and developed as the drug Avicidin by NeoRx and Monsanto.
Although Avicidin demonstrated some anti-cancer activity in patients with ad-
vanced colon and prostate cancers, it was withdrawn from Phase II trials in 1998
because it also resulted in a high incidence of diarrhea [12]. This was not due to the
use of plants as the expression host. Indeed, the same problems occurred with anti-
bodies produced in mammalian cells, and the conclusion of the trial was that the
two antibodies were comparable in terms of physico-chemical properties, serum
clearance, urine clearance, and dosimetry. The side effects were possibly due to
cross-reaction with related epitopes on the cells lining the intestine.

The most advanced plant-derived antibody is CaroRx, a chimeric secretory
IgA/G produced in transgenic tobacco plants, which has completed Phase II trials
[93]. As stated earlier, secretory antibody production requires the expression of
four separate components, which in this case were initially expressed in four dif-
ferent plant lines that were crossed over two generations to stack all the transgenes
in one line. The antibody is specific for the major adhesin of Streptococcus mutans,
the organism responsible for tooth decay in humans. Topical application following
elimination of bacteria from the mouth helped to prevent recolonization by S. mu-
tans and led to the replacement of this pathogenic organism with harmless endog-
enous flora.

The third type is a collection of anti-idiotype scFv antibodies recognizing malig-
nant B cells for the treatment of diseases such as non-Hodgkin’s lymphoma. The
prototype scFv (at least 12 have now been tested) was based on the well-character-
ized mouse lymphoma cell line 38C13. When administered to mice, the scFv stim-
ulated the production of anti-idiotype antibodies capable of recognizing 38C13
cells [50]. This provided immunity against lethal challenge with the lymphoma. It
is envisaged that this strategy could be used as a rapid production system for tu-
mor-specific vaccines customized for each patient and capable of recognizing
unique markers on the surface of any malignant B cells. The therapeutic product
has now completed Phase I trials and is undergoing Phase II. The rapid derivation
of such prophylactic antibodies is ensured by the use of virus-infected plants rath-
er than stably-transformed transgenic plants.
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Other plant-derived antibodies are in the late stages of preclinical development;
examples include RhinoRX (developed by Planet Biotechnology, for the treatment
of respiratory infections) and a full-length humanized IgG recognizing herpes
simplex virus 2 (HSV-2). The latter has been expressed in transgenic soybean and
has been shown to prevent vaginal HSV-2 transmission in a mouse model of the
disease [36]. Still more antibodies are at earlier stages of development, either in-
tended as prophylactics, therapeutics or diagnostics. Current research is focusing
on ways to address the few remaining obstacles to commercialization (i.e., the ab-
sence of a defined regulatory framework), and ways to optimize biological equiv-
alence with antibodies derived from the industry favorite, CHO cells.

14.6

Regulatory Considerations

14.6.1

Downstream Processing

Downstream processing – the isolation and purification recombinant antibodies
from the plant tissue – is an integral part of every biomanufacturing process.
Whichever production system is used, downstream processing represents up to
80% of overall production costs, although this depends on the required level of pur-
ity and is highest for clinical-grade materials. In many cases, it is necessary to de-
velop specific processing steps for each product, although certain classes of prod-
uct can be isolated using a standardized approach (e.g., affinity chromatography to
isolate recombinant antibodies [94]). Several aspects of downstream processing
must be customized specifically for plant systems, including the removal of fibers,
oils and other byproducts from certain crops, and process optimization for the
treatment of different plant species and tissues.

For the production of clinical-grade antibodies, downstream processing steps
must meet the standards set for other biopharmaceutical production systems, in-
cluding a strict regime of quality assurance and quality control to achieve approval
of regulatory agencies [95]. The initial stages of processing display the greatest var-
iability and must be optimized in a system-specific manner. Disruption of cell
walls and membranes is the first post-harvesting step, but different tissue types
(e.g., leaves, seeds, fruits) require different forms of treatments (grinding, milling,
etc.). After cell disruption, clarification of the extract is often carried out by dead-
end or cross-flow filtration, sometimes preceded by bulk cell mass removal using a
decanter, plate separator, or centrifuge.

Several liquid chromatography steps are required in a full purification protocol,
and the initial chromatographic steps require the most specialization for plant-
based production. In industrial processing, robust and inexpensive chromatogra-
phy media are used in the initial steps, accepting that there will be some loss of se-
lectivity and resolution [96]. However, important exceptions include the use of Pro-
tein A or Protein G affinity chromatography for antibody purification, and the use
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of affinity tags and their respective capture agents (e.g., His6 and Ni2+-NTA resin)
which are highly selective initial capturing methods.

14.6.2

Regulation of Plant-Based Production

One of the greatest uncertainties surrounding the use of plants for the production
of pharmaceuticals is the regulatory landscape. While plants are grown in glass-
houses and in enclosed bioreactors, the production of pharmaceuticals is regulat-
ed in the same way for other production systems, and comes under the authority
of the FDA and equivalent agencies in other parts of the world. The switch to open-
field conditions adds another layer of regulatory complexity, because the transgen-
ic plants then come under the authority of APHIS (part of the USDA) or their
counterparts in Europe and other regions. The involvement of multiple regulatory
agencies makes the production process more complex because the extent of each
authority’s jurisdiction is not always clear and, as stated above, at the current time
only draft guidelines are available [88, 89]. The impact of this is to suppress the
market. It is likely that more companies will become interested in plant-derived
pharmaceuticals when full guidelines become available, hopefully by 2006/7. In
this context, it is interesting that certain academic/industry partnerships are en-
gaging positively with the regulatory bodies in an attempt to define a regulatory
framework for the production of plant-derived pharmaceuticals. One example is
the Pharma-Planta Consortium, an EU-funded collaboration of 39 academic and
industrial partners which is attempting to take candidate antibodies from initial ex-
pression through to clinical trials in order to define a standard pathway for similar
products [97, 98].

All recombinant pharmaceuticals, including those derived from plants, need to
comply with the national and international GMP standards for product safety,
quality, potency and efficacy. However, it is not clear at which stage GMP require-
ments should come into effect when plants are used as the production system,
since the strict rules governing defined growth conditions are difficult to imple-
ment in the field, where variables such as the weather, differences in soil quality
and the presence of other organisms need to be considered. This is increasingly
important now that European regulatory requirements regarding GMP-compli-
ance for the manufacture of medicinal products have extended to the production of
clinical trial material (Directive 2001/20/EC).

14.7

Summary

The production of recombinant antibodies in plants has emerged during the past
few years as a potential competitor to the established fermenter-based production
technologies, theoretically offering unlimited production scales at unprecedented
low manufacturing costs. Technical limitations such as low yields, product in-
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stability and non-authentic glycan structures are being addressed, so the remain-
ing hurdles are more political than scientific and reflect the formative and, in many
cases, restrictive regulatory framework. In order to ensure that plants can be devel-
oped as an effective production system for antibodies it will be necessary to tackle
the regulatory issues head on. At this early stage, the industry is cooperative rather
than competitive, so issues relating to intellectual property and technical know-
how are more likely to sponsor cross-collaborations and licensing than litigation.
In this environment, proactive steps can be taken in process development for the
benefit of all, in concert with the regulatory agencies. The ultimate hope is that,
through such ventures, it will be possible to make inexpensive biologics available
to all who need them.
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Glycosylation of Recombinant Proteins in Plants

Gilbert Gorr and Friedrich Altmann

15.1

Introduction

One of the reasons for choosing plants or plant cells as hosts for recombinant pro-
tein production arises from their capability to perform most of the post-translation-
al modifications that proteins experience in a mammalian cell. These abilities
make them superior to bacterial hosts, which are virtually incapable of glycosylat-
ing proteins in a proper fashion – irrespective of the bewildering variety of glycan
types produced by many bacterial species (Schaffer et al., 2001). Indeed, Escherichia
coli, the most widely used expression system, does not glycosylate at all. Thus, with
regard to all physico-chemical functions exerted by protein N-glycosylation, plants
appear as perfect systems for the production of complex biopharmaceuticals. In
fact, numerous recombinantly expressed human glycoproteins were harvested in a
biologically active form from a broad spectrum of different plant species (Knaeb-
lein, 2004; Ma et al., 2005a). However, closer examination of the plant-specific N-
glycan pattern reveals several problematic features which may either lead to re-
duced efficacy and half-life or immunogenicity of the recombinant glycoproteins.
In recent times it has been shown for a few plant species that limitations related to
glycosylation can be overcome by genetic engineering.

In this chapter we will provide an insight in plant glycosylation and the progress
made on “glyco-engineering”. After an initial introduction of the nomenclature of
N-glycans, the subject of protein glycosylation will be introduced – including hy-
droxyproline-linked oligosaccharides and O-glycosylation – with special emphasis
on plants. In terms of N-glycosylation, many details can be taken from recent re-
views (Gomord and Faye, 2004; Seveno et al., 2004; Faye et al., 2005), and therefore
we focus on the basic concept and newer insights. We will then compare this actu-
al status with the desired mode of glycosylation and discuss potential drawbacks of
plant-type glycosylation. Strategies for the “humanization” of the plant N-glycosy-
lation pathway and recent results thereof will be discussed, and finally methods for
the structural analysis of recombinant proteins and their attached modifications
will be presented.
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15.2

A Word on Names

While per definition any N-glycan which has been processed by GlcNAc-T I,
GlcNAc-T II, fucosyltransferase, etc. is a complex-type N-glycan, many plant N-gly-
cans (e.g., MMXF, MMX) are not so very “complex”, and will be referred to as trun-
cated complex-type glycans. They are also sometimes referred to as paucimanno-
sidic N-glycans, but this term should be reserved for glycans with two to four man-
nose residues and no further substituents (Kubelka et al., 1993).

Oligosaccharides with their branched structures have so far largely resisted at-
tempts towards a linearized code. It is very difficult to communicate – either orally
or in writing – about glycan structures without the help of figures or of arbitrary
codes, which are useless without explanatory tables. Therefore, the “proglycan”
system has been advised for N-glycans (www.proglycan.com). Only the terminal
residues of an N-glycan are denoted, starting from the residue in the upper left cor-
ner – that is, the one on the 6-linked antenna which is followed by the one on the
3-arm and then by substituents to the core. The residues have single-letter codes
(M = mannose, G = glucose, A = galactose, F = fucose, X = xylose; Gn = N-acetyl-
glucosamine, An = N-acetylgalactosamine, Na = N-acetylneuraminic acid, Ng = N-
glycolylneuraminic acid). Where the linkage to the aglycon is ambiguous, it can be
specified by a superscript, as for example in the case of the core-fucose which
occurs in 6- or in 3-linkage. Likewise, sialic acids can be linked α2,3 or α2,6 to the
galactose residue, which, however, itself may form a â1,4- or a â1,3-linkage. There-
fore, both these linkages are specified as, for example, in the formula Na6-4Na6-4F6

(this may also be written: Na6-4Na6-4F6) (Fig. 15.1). The written abbreviations
with linkages can be substituted by simpler strings without numbers in oral com-
munication. The first two terms represent the termini of the upper (6-linked) and
lower (3-linked) antenna, respectively, while the following symbols stand for sub-
stituents of the core in the order: Xyl, 3-linked Fuc, 6-linked Fuc and bisecting
GlcNAc which is represented by “bi”, for example in the IgG glycan GnAFbi (more
exact: GnA4F6bi). In triantennary glycans, the two terminal residues on one anten-
na are grouped by square brackets as for example in a glycan Na[NaNa] from bo-
vine fetuin, where the branching is on the 3-arm. More details and examples can
be found on www.proglycan.com.

15.3

General Aspects of Glycosylation

15.3.1

Asn-Linked Oligosaccharides (N-Glycans)

The initial steps of protein N-glycosylation are conserved in all eukaryotic organ-
isms. The same Glc3Man9GlcNAc2-precursor is transferred to a nascent polypep-
tide chain in plants as in animals or yeasts (Lerouxel et al., 2005). The sequence
motif for N-glycosylation (Asn-Xaa-Ser (NXS) or Asn-Xaa-Thr (NXT), with Xaa not
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being Pro) is likewise the same, irrespective of possible differences in the relative
efficiency towards various sequences of the phylogenetically very distant oligosac-
charyltransferases. The glycosylation-dependent chaperones calnexin and calretic-
ulin are found in the plant endoplasmic reticulum (ER) (Pagny et al., 2000), and it
is fair to assume that here they exert the same support function for protein folding
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Fig. 15.1 The “proglycan” nomenclature for
N-glycans. The upper two structures depict
typical mammalian and plant complex type N-
glycans, respectively. In the lower drawing the
non-terminal, invariable residues are shown
as open symbols and the invariable linkages
are omitted. The arrow in the upper left
corner points at the residue with which the
listing of terminal sugars starts. Superscript

numbers can be used to specify the linkage 
of sugars where alternative linkages are
possible. In the case of sialylated complex
type chains, the term Na6-4 (an abbreviation
of Na6-A4) means that Neu5Ac is linked α2,6
to a galactose which is itself in â1,4-linkage to
the GlcNAc. (See also www. proglycan.com.)
Note: A color version of this figure is available
in the color plate section.



as is found in the ER of mammalian cells (Helenius and Aebi, 2001) or yeast (Pa-
rodi, 1999). These chaperones bind to glycoproteins still containing Glc-residues at
the non-reducing terminus as marker for synthesized proteins which, however,
lose these glucoses by the action of ER glucosidase I and II (Caramelo et al., 2003,
2004; Gomord and Faye, 2004). Glycoproteins having failed to fold properly in this
time window are re-glucosylated to allow repeated chaperoning by calnexin or cal-
reticulin (Fig. 15.2). Here is encountered a highly important role of protein-glycos-
ylation for the control of protein quality (Ellgaard and Helenius, 2003), which af-
fects the yield and secretion of biologically active protein. Recombinant proteins
where the NXS/T motif has been mutated to prevent glycosylation cannot benefit
from this support during folding. Almost needless to say, the same holds true for
glycoproteins expressed in bacterial hosts.

The next steps of glycoprotein maturation in the ER and in the cis-Golgi appara-
tus are again identical in plants and mammals up to the action of GlcNAc-transfe-
rase I, GlcNAc-transferase II and Golgi α-mannosidase (Fig. 15.3). From here on,
the two kingdoms have decided to go their own ways. Whilst in mammals the ter-
minal GlcNAc residues are immediately shielded by the action of â1,4- (or, seldom,
by â1,3-)-Gal-transferase – with the notable exception of IgG, where this step oc-
curs only partially – elongation in plants is exclusively by â1,3-galactosylation,
though only a very small part of the glycans appear to undergo this modification,
as can be deduced from the relative abundance of various structural types (Wilson
et al., 2001b). The Gal-residues in mammals may be capped by sialic acid and only
quite rarely substituted by fucose. Again, plants are different, as they are devoid of
sialylation (Seveno et al., 2004; Zeleny et al., 2006), and in case that a terminal 1,3-
linked Gal residue was attached they essentially always fucosylate the penultimate
GlcNAc residue, thereby forming a Lewis a (Le a) determinant (Fitchette-Laine et
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Fig. 15.2 Folding assistance by glycosyla-
tion-dependent chaperones. The unfolded
protein with a glucose residue at the non-
reducing end (large circle) is bound and
chaperoned by calnexin or calreticulin 
(Parodi, 1999; Helenius and Aebi, 2001).
Glucosidase eventually removes this glucose
residue. If the protein has still not succeeded
in folding properly it is re-glucosylated by a
folding-sensitive glucose-transferase. Only
the correctly folded glycoprotein is allowed
to proceed to the Golgi body. Note: A color
version of this figure is available in the color
plate section. 
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Fig. 15.3 Biosynthesis of complex-type N-gly-
cans in the plant Golgi body. Starting with the
smallest oligomannosidic N-glycan Man5, the
assumed major routes are shown by bold ar-
rows. Less important routes are indicated
with thin lines. The symbols for the sugars fol-
low the recommendations of the Consortium
for Functional Glycomics. The direction in
which the linkage lines emanate symbolize
the linkage, as indicated in Fig. 15.2. Anome-
ricities are as follows: GlcNAcs are â, Fuc α,
Gal â, Xyl â, Man α except the one â-linked 
to GlcNAc. The route invariably involves

GlcNAc-transferase I (GnT-I), then α-man-
nosidase II (Man II), GlcNAc-transferase II
(Gn T-II), xylosyltransferase (XT), core-α1,3-
fucosyltransferase (c3-FT), an unidentified N-
acetylglucosaminidase (Hex), a â1,3-galacto-
syltransferase (3-GT), and finally an α1,4-
fucosyltransferase (4-FT). Often, the last two
steps, which generate Lewis a determinants,
only occur on one antenna, thus leading to
Gn(FA)XF and (FA)GnXF (Wilson et al.,
2001b; Koprivova et al., 2003).



al., 1997; Melo et al., 1997; Wilson et al., 2001b). Apparently, the â1,3-Gal-transfe-
rase is the limiting enzyme, whereas most plant cells contain sufficient activity of
α1,4-Fuc-transferase to ensure that each Gal-containing antenna is fucosylated
(Wilson et al., 2001a). The LeA structure is a human blood group determinant. It is
rare as such in healthy adults, but as sialyl-Lewis a (sLe a) it is notoriously found in
malignant tissues such as colon cancer (Sakamoto et al., 1986; Ichihara et al., 1993;
Kannagi et al., 2004). One would assume that a LeA structure on a plant-made bio-
pharmaceutical would not be immunogenic. The non-reducing termini, although
at that time with an incorrect structural assignment, have also been alleged as IgE
epitopes some time ago (Ogawa et al., 1996), but no follow-up study on this topic is
known to the authors.

Anyway, LeA-containing glycoproteins are rarely isolated from plants, possibly
because soluble bulk proteins usually are not modified in this way. Another expla-
nation would be that, upon tissue homogenization, the glycosidases degrade the
LeA antennae. However, this seems unlikely as human erythropoietin expressed in
glycoengineered moss and secreted into the supernatant of liquid cultures thereof
contained mainly N-glycans with one or two LeA antennae (A. Weise et al., unpub-
lished results).

Another highly remarkable peculiarity of plants is that they contain two enzymes
totally unknown in higher animals, the â1,2-xylosyltransferase (Xyl-T) and the
core-α1,3-fucosyltransferase (c3-Fuc-T) (Leiter et al., 1999; Strasser et al., 2000;
Wilson et al., 2001a; Pagny et al., 2003; Leonard et al., 2004). The residues trans-
ferred by these enzymes render plant N-glycans immunogenic (Lauriere et al.,
1989; Kurosaka et al., 1991; Ramirez-Soto and Poretz, 1991; Prenner et al., 1992;
Faye et al., 1993; Tretter et al., 1993; van Ree et al., 2000; Hemmer et al., 2001; Bar-
dor et al., 2003a; Bencurova et al., 2004). To our knowledge, both sugar residues are
present on plant N-glycans of any plant host analyzed to date.

The biotechnological repercussions of this immunogenic glycosylation and
strategies for glyco-engineering, respectively are discussed below.

Xyl-T can act as soon as GlcNAc-T I has done its job (Strasser et al., 2000; Bencur
et al., 2005). If Xyl-T works before α-mannosidase, a side route to hybrid-type gly-
cans is initiated because the mannosidase is severely slowed by the presence of xy-
lose (Strasser et al., 2006). The bulk flow of glycans experiences removal of two man-
nose residues and the subsequent addition of xylose and fucose to the MGn struc-
ture. A third enzyme, GlcNAc-transferase II (GlcNAc-T II), is supposed to act before
Xyl- and Fuc-T, but the order appears to be loose, at least with respect to Xyl-T (Ben-
cur et al., 2005). Thus, the level of GlcNAc-T II determines if the final product is
MGnXF or GnGnXF (Fig. 15.3). In terms of seed plants, this GlcNAc-T II appears
to constitute a limiting factor, as almost in all cases studied a substantial amount of
the complex-type glycans had the structure MGnXF (Wilson and Altmann, 1998;
Wilson et al., 2001b), whereas, the GnGnXF structure dominates in the wild-type
strain of the moss Physcomitrella patens (Koprivova et al., 2003; Vietor et al., 2003).

However, in seed plants a roughly comparable fraction turned out to be the other
isomer GnMXF, where the single terminal GlcNAc residue is on the 6-arm
(Wilson and Altmann, 1998; Wilson et al., 2001b). At this point we must concede
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that the prototypical N-glycan structure of isolated glycoproteins in seed plants is
MMXF – that is, a glycan which lacks the GlcNAc-residue on the 3-arm which is
prerequisite to the action of mannosidase II, Xyl-T and c3-Fuc-T (Fournet et al.,
1987; Sturm et al., 1987; Sonnewald et al., 1989; Ashford et al., 1991; Kurosaka et
al., 1991; Ramirez-Soto and Poretz, 1991; Sturm, 1991; Stahl et al., 1994; Lerouge
et al., 1998, 2000; Wilson and Altmann, 1998; Bardor et al., 1999, 2003b; Rayon et
al., 1999; Olczak and Watorek, 2000; Bakker et al., 2001; Samyn-Petit et al., 2001;
Wilson et al., 2001b; Koprivova et al., 2003; Mokrzycki-Issartel et al., 2003; Leonard
et al., 2004; Strasser et al., 2004a,b).

The phenomenon was described some time ago and termed “transient GlcNAc”
(Vitale and Chrispeels, 1984). These authors found the removal of GlcNAc to take
place in protein bodies. However, in seed plants, loss of GlcNAc was also observed
on secretory glycoproteins (Dirnberger et al., 2001). The question remains of
whether the partial to full removal of the 3-arm GlcNAc is simply an incidental deg-
radative process, that possibly also affects the 6-arm GlcNAc, or whether it is delib-
erately performed by a dedicated â-N-acetyl-glucosaminidase activity (â-Hex), as is
the case in insects (Leonard et al., 2006).

As pointed out above, for the moss Physcomitrella patens the situation is likely dif-
ferent. No loss of GlcNAc residues was found on N-glycans of recombinantly ex-
pressed antibody (Fig. 15.4). In this case, the moss strain showing wild-type glycos-
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Fig. 15.4 Truly complex N-glycosylation on
antibodies expressed in the moss Physcomi-
trella patens. MALDI-TOF analysis of N-gly-
cans released from antibody expressed in a
moss strain with unmodified plant-specific
glycosylation. Remarkably, almost all struc-
tures are of the complex-type. While the anti-
body shown here still contained plant wild-
type glycans with xylose and core-α1,3-fucose

residues, the production of proteins lacking
these two immunogenic sugar residues has
been successfully accomplished with double
knock-out strains of Physcomitrella patens
(Koprivova et al., 2004; Huether et al., 2005;
Jost and Gorr, 2005; M. Schuster et al., un-
published results; A. Weise et al., unpub-
lished results). Note: A color version of this
figure is available in the color plate section.



ylation pattern was used, and therefore not only the terminal GlcNAc residues but
also the plant-specific xylose and fucose residues are present.

Until very recently, it was firmly held that plants are unable to synthesize sialic
acids and sialylated glycoproteins (Lerouge et al., 2000), though this dogma was re-
cently challenged by an article describing the discovery of reasonable amounts of
sialic acids, mainly N-glycolylneuraminic acid, in cultured Arabidopsis thaliana
MMY2 cells (of undefined origin) (Shah et al., 2003). This claim met considerable
skepticism in the plant glycoprotein community, and was quickly followed by a dis-
senting article (Seveno et al., 2004), which questioned the validity of the lectin blot
results. These authors could not find sialic acids by HPLC with fluorescence detec-
tion. Moreover, Zeleny et al. questioned the chromatographic and mass spectro-
metric methodology and showed that traces of sialic acids detected by sensitive pro-
cedures were likely to be contaminations (Zeleny et al., 2006).

15.3.2

Mucin-Type and Other O-Linked Glycans (O-Glycan)

Mammalian glycoproteins may contain oligosaccharides linked to serine or threo-
nine residues. The most frequently found type in this diverse group of O-glycans
are the mucin-type O-glycans with the basic structure Galâ1-3GalNAcα-Ser or -Thr
which can be sialylated and substituted in various ways (Brockhausen et al., 2001).
A single report described the detection by two-dimensional HPLC of this disaccha-
ride in rice glutelin (Kishimoto et al., 1999). The attachment site was not experi-
mentally determined, and thus it remains unclear whether plant cells use the same
O-glycosylation motifs as do mammalian cells. Unfortunately, for human proteins
that are naturally O-glycosylated, no report of a mucin-type O-glycosylation by a
plant expression system has been published to the best of the author’s knowledge.

Several not too-recent papers describe the detection by methylation analysis and
other strategies of single galactose residues linked to serine in potato lectin and ex-
tensins (Lamport et al., 1973; Cho and Chrispeels, 1976; Allen et al., 1978; Ashford
et al., 1982). This Gal-Ser linkage has led a hidden life ever since.

15.3.3

Hydroxyproline-Linked Oligosaccharides (Hyp-O-Glycans)

Prolyl oxidation by prolyl hydroxylases is found in animals as well as in plants,
though the responsible enzyme can be expected to have a different substrate spec-
ificity (Myllyharju, 2003). In mammalian glycoproteins (e.g., collagen), the hydrox-
yproline (Hyp) residues are not glycosylated. In the special class of plant proteins
termed hydroxy-proline-rich glycoproteins (HRGPs), the Hyp residues bear either
small arabino-oligosaccharides or large arabinogalactan-polysaccharides (Fig. 15.5)
(Showalter, 2001). The latter lent their name to the most prominent group of
HRGPs, the arabinogalactan-proteins (AGPs), which play multiple important roles
in developing plant tissues (Sun et al., 2004). For a long time, AGPs and HRGPs
have been virtually neglected by plant biotechnologists not directly involved in
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studies on plant tissue developmental or cell wall structure. However, this situa-
tion is about to change as it transpires that rather small sequence motifs, which al-
so may occur in many proteins not regarded as HRGPs, determine these types of
modification. The contiguity hypothesis provides a simple rule as for the attach-
ment of arabinans or polysaccharide (Goodrum et al., 2000; Kieliszewski, 2001;
Kieliszewski and Shpak, 2001; Shpak et al., 2001; Tan et al., 2003). In detail, non-
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Fig. 15.5 O-linked poly-, oligo- and monosac-
charides. Due to the bewildering structural
heterogeneity of plant O-glycans, and to the
difficulties of separating and analyzing these
glycans, the figures must be taken as arbitrary
selections from a large pool of related struc-
tures. Structure A depicts a (rather small)
type II arabinogalactan polysaccharide with
additional sugars such as rhamnose and glu-
curonic acid according to Tan et al. (2004).
Structure B shows a type III arabinogalactan
as found on a mugwort pollen allergen 
(Leonard et al., 2005). Structure C represents

arabinan chains on adjacent Hyp residues
(Ashford et al., 1982), while D and E show the
mono-arabinose moieties found in timothy
grass and mugwort pollen allergens (Wicklein
et al., 2004; Leonard et al., 2005). Structure F
finally depicts the Gal-Ser motif thought to 
occur in extensins and solanaceous lectins
(Lamport et al., 1973; Ashford et al., 1982).
Connecting lines between sugar symbols indi-
cate the linkage as specified in Figure 15.1.
Note: A color version of this figure is available
in the color plate section.



contiguous Hyp residues such as the sequence -Xaa-Hyp-Xaa-Hyp-Xaa- (Xaa being
any amino acid) will most often bear arabinogalactan-polysaccharides (see below
for a description). Contiguous Hyp residues as for example the motifs Xaa-Hyp-
Hyp or Xaa-Hyp-Hyp-Hyp-Hyp, are arabinosylated; that is, the Hyp residues bear
linear chains composed of â1,3- and â1,2-linked arabinosyl residues (Akiyama et
al., 1980). This type of glycosylation is typically found on extensins, another class of
proteins essential for the formation of cell walls, and also on solanaceous lectins
(Ashford et al., 1982; Peumans and Van Damme, 1998). To guarantee confusion,
nature also developed intermediate or mixed proteins containing both types of gly-
cosylation, such as the gum arabic AGPs, the tomato LeAGP-1, or a pistil-specific
protein from tobacco (Goodrum et al., 2000; Bosch et al., 2001; Zhao et al., 2002).
The type II arabinogalactans consist of a â1,3-linked galactan backbone which also
contains (or is substituted by) â1,6-linked galactose residues and by mainly termi-
nal or α1,5-linked arabinose residues (Bacic et al., 1987; Gane et al., 1995). Addi-
tional sugars such as rhamnose and glucuronic acid can be found. Type II arabi-
nogalactans generally are complex, highly branched, disperse and it is hardly pos-
sible to fully characterize their structure (Saulnier et al., 1992; Gane et al., 1995;
Tan et al., 2004). Tan and co-workers provided a model of an arabinogalactan with
only around 15 to 17 sugar residues (Fig. 15.5) (Tan et al., 2004). This contrasts
with other results indicating that type II arabinogalactans are large and consist of
hundreds and more sugar residues (Fincher et al., 1974; Gane et al., 1995), so that
they may constitute up to 95% of the mass of an AGP (Gane et al., 1995; Classen et
al., 2000; Kim et al., 2002). Notably, arabinogalactans can be immunogenic and im-
munstimulatory (Kim et al., 2002).

The allergen Art v 1 from the compositum Artemisia vulgaris (mugwort) was
shown to contain a so-called type III arabinogalactan consisting of a short â1,6-ga-
lactan and branched side chains of arabinose only (Fig. 15.5) (Leonard et al., 2005).
Additionally, the (hydroxy-) proline-rich domain of Art v 1 contained a number of
single arabinose residues in â-linkage to adjacent Hyp-residues instead of the ara-
bino-oligosaccharides found on similar domains in other plants (Leonard et al.,
2005). These clusters of mono-arabinosylated Hyp bound IgE from sera of allergic
patients (Leonard et al., 2005). The distribution of this novel carbohydrate IgE epi-
tope in the plant kingdom is currently unknown.

To conclude, plants assemble an array of odd molecules from proline, galactose
and arabinose. None of these glycan types is found in mammalian glycoproteins
and some of them are immunogenic. However, plants do not refrain from grafting
these structures onto recombinant proteins intended for therapeutic use (see also
below) (Karnoup et al., 2005).

15.4

Why Antibodies?

The probably most interesting group of human glycoproteins which can be pro-
duced in plants is that of antibodies, and here again that immunoglobulins of class
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G. This is a logical consequence of the large current (and even larger anticipated)
demand for this class of biotech drugs in terms of quantity and diversity (Ma et al.,
2005a). Several plant-, plant tissue- or plant cell-based expression systems have
proven their principal ability to produce functional antibodies in a large number of
cases (Ma et al., 2003, 2005a; Jefferis, 2005). In addition, the glycosylation pattern
found on human antibodies appears to be a comparably simple problem to be
solved when compared to, for example erythropoietin and coagulation factor VIII.
IgG has a single conserved N-glycosylation site at Asn297 in the Fc part of each
heavy chain. Some idiotypes may additionally bear N-glycans in the variable
region. However, the incidental nature of these glycosylation sites may indicate a
marginal significance of the N-glycans attached to them. In contrast, glycosylation
at the conserved site has been shown to be essential for many aspects of antibody
efficiency in vivo (Mimura et al., 2001; Jefferis, 2005). Approximately 90% of the
oligosaccharides are complex-type glycans without sialic acid, while the remaining
10% carry one sialic acid residue (Fig. 15.6). Although this amounts to one-fifth of
the assembled antibodies being mono-sialylated (antibodies with two sialylated gly-
cans are considered rare for statistical and steric reasons), this fraction may be re-
garded as dispensable until the opposite is proven. In fact, Chinese hamster ovary
(CHO) cells – the approved traditional host for the production of recombinant ther-
apeutic antibodies – tend to undersialylate the recombinant protein. Therefore, the
inability of plants to produce sialic acid and to transfer it to glycoproteins results in
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Fig. 15.6 N-glycans on IgG and other serum
glycoproteins. Panel A lists the major
structures found on natural human IgG, the
sialylated species accounting for only ca.
10%. Glycans of IgG expressed in plants are
shown in panel B, whereas panel C shows the
major structures expected to occur on IgG
expressed in glyco-mutants devoid of Xyl- and

Fuc-transferase. IgG was found to be even
more potent with N-glycans lacking fucose
(GnGn) than with the natural fucosylation
(GnGnF6). Panel D shows examples of tri-
and tetra-antennary, fully sialylated glycans as
found on human erythropoietin as an
example of the most complex glycosylated
human proteins.



no limitation for the majority of antibodies which are not glycosylated in the vari-
able domains.

In contrast, human serum glycoproteins other than IgGs almost invariably bear
completely sialylated N-glycans. In many cases (e.g., on erythropoietin; EPO) there
are not only two but three or four antennae (Fig. 15.6) (Tsuda et al., 1988; Takeuchi
et al., 1990). A plethora of fine distinctions (linkages) and additional modifications
(LacNAc-repeats, sulfation, Lewis structures) may further add to the complexity of
glycan structures. It is largely unclear how exacting the natural structures must be
reproduced on a recombinant therapeutic glycoprotein. This is reflected by the fact
that until now none of the approved expression hosts allows the identical copy of a
human glycoprotein in terms of microheterogeneity. As a rule of thumb, undergly-
cosylation (i.e., the presence of terminal galactose or GlcNAc residues) reduces the
half-life in the circulation and hence the efficacy of the drug; this situation is not
tolerable, with the notable exception of IgG (Wright and Morrison, 1998). There-
fore, the production of antibodies in plants appears as a comparatively simple and
realizable task.

Plants are even able to correctly synthesize and fold the even more complex se-
cretory antibodies of the IgA class (Ma et al., 1995; Karnoup et al., 2005; Yoo and
Morrison, 2005). A thorough mass spectrometric inspection of a plant-made IgA,
however, revealed that in the hinge region a number of the numerous contiguous
proline residues had been oxidized and arabinosylated (Karnoup et al., 2005).
Therefore, the plant host of choice for recombinant expression of biopharmaceuti-
cals should be genetically well characterized (for identification of the responsible
genes) and should be accessible for glycoengineering, for example by extensive ge-
netic modification, as in the case of the moss Physcomitrella patens (Decker and Re-
ski, 2004; Gorr and Wagner, 2005).

However, in terms of recombinant production of mammalian glycoproteins in
plants, it should be borne in mind that analysis of the integrity of the target protein
is a highly important issue and should be performed as early as possible. Nonethe-
less, recent advances in plant glycoengineering (see below) are auspicious and not
limited to plant-made antibodies.

15.5

“Humanization” of N-Glycans in Plants

15.5.1

Authentic or Human-Like Glycosylation as the Benchmark

The question of how the glycosylation of a given protein should “look” is compli-
cated by the heterogeneity of glycan structures on a particular site and protein. In
other words, we are dealing with sets of structures, and the simplest concept for a
recombinant product is to request it to have a glycan pattern which is substantially
equivalent to that of the human protein. For antibodies, it is fortunately possible to
define such an “authentic glycosylation pattern”, but for many other glycoproteins
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the authentic pattern is either not known or dependent on the producing organ
and on the medical status of a person. Generally, the more complex the glycosyla-
tion structure of a given protein (e.g., bi-, tri-, tetra-antennary and/or highly sialy-
lated), the more microheterogeneity related to the different N-glycans on this pro-
tein will be detected (e.g., erythropoietin or follicle-stimulating hormone) (Kobata,
1992). In such cases the quest for an authentic glycosylation profile must be sub-
stituted by two questions:

1. Is the glycan an usual constituent of the human glycome (assuming the drug to
be intended for humans), or is it foreign to the human immune system and
hence potentially immunogenic and precarious for the consumer?

2. Which structural details enhance and which reduce the pharmacological effica-
cy of the glycoprotein of interest?

Plants in fact equip proteins with glycan structures very different from those found
in mammals. Truncated N-glycans expose terminal mannose residues which make
the protein prey to endocytosis and hence decrease its circulatory half-life (Mukho-
padhyay and Stahl, 1995; Dirnberger et al., 2001; Ko et al., 2003). Besides, in some
cases even GlcNAc may not be the optimal terminal sugar on IgG N-glycans, and a
high degree of galactosylation may be beneficial (Dong et al., 1999; Warnock et al.,
2005b). Therefore the under-GlcNAcylation seen on most secretory proteins ex-
pressed in seed plants (see above) is undesirable. Comparable to the N-glycan pat-
tern of an antibody expressed by the moss Physcomitrella patens (see Fig. 15.4), on-
ly alfalfa (Medicago trunculata) has provided a more “homogeneous” glycosylation
of a particular antibody – that is, a strong preponderance of GnGn-type structures
(Bardor et al., 2003b). Results obtained with recombinant phytase, however, indi-
cate that homogenous glycosylation with two terminal GlcNAc residues cannot
routinely be achieved with alfalfa (Abranches et al., 2005). As a general rule, the
glycosylation pattern depends upon the expression system, the protein expressed,
and on growth conditions and even the developmental stage of the host tissue
(Elbers et al., 2001).

The most precarious feature of plant-made glycans is the presence of the two
sugars xylose and fucose (in 3-linkage to the core GlcNAc), each making the glycan
an immunogenic entity (Bencurova et al., 2004). About one-quarter of allergic indi-
viduals have developed IgE specifically binding such complex type plant N-glycans
(Tretter et al., 1993; van Ree et al., 2000; Mari, 2002). Anti-carbohydrate antibodies
confer a broad immunological cross-reactivity owing to the ubiquitous occurrence
of such glycans in plants, lower animals, mollusks and – with only fucose – insect
venoms (Van Kuik et al., 1985, 1986; Laine and Faye, 1988; Kubelka et al., 1993; Alt-
mann et al., 1999; van Die et al., 1999; Hemmer et al., 2001; Gutternigg et al.,
2004). Theses glycans have therefore been christened “cross-reactive carbohydrate
determinants” (CCDs) (Aalberse and van Ree, 1996).

Healthy individuals contain IgG directed against such CCDs, as judged from
antibody binding to snail hemocyanin and a honeybee venom allergen (Bardor et
al., 2003a). Surprisingly, results on the binding of such human or of rabbit anti-
CCD antibodies to plant-made antibodies have not yet been published, excepting
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studies conducted on an antibody which, however, contained a glycosylation site in
the variable domain (Sriraman et al., 2004). Given the tight packing and shielding
of the sugar residues in the Fc region of IgG, the xylose and especially fucose resi-
due may be less accessible to antibodies, as in the more usual case of sugars pro-
truding from the surface of proteins. A related but different question is whether
the administration of plant-made pharmaceuticals would elicit an anti-CCD im-
mune response.

A plant-produced antibody has recently been reported not to be immunogenic in
mice (Chargelegue et al., 2000). However, the mouse strain used (BALB/c) was
shown to be a non-responder to complex-type plant N-glycans (Bardor et al.,
2003a). Antibodies binding complex plant N-glycans can be raised in C57BL/6
mice (Bardor et al., 2003a), but a recent comparison of the immunogenicity of
plant glycans in mice and rabbits indicated that mice, also those of the C57BL/6
strain, are inappropriate hosts for eliciting specific anti-CCD antibodies (Jin et al.,
2006). This particularity of the murine immune system also appears to extend to
rats (Bencurova et al., 2004). Any conclusion on the significance of plant glycans
on recombinant proteins drawn from studies with rodents must therefore be con-
sidered with some caution. A recent review cited a personal communication from
Dr. L. Grill (Large Scale Biology, CA), who could not find any serious adverse reac-
tions following immunization with a plant-derived antibody (Ma et al., 2005b).

One should be aware that glycan immunogenicity may be a much less severe is-
sue for proteins which are not injected into the patients body but administered on-
ly atopically (e.g., for caries prophylaxis; Chargelegue et al., 2000; Ma et al., 2005b).
Humans are in fact routinely exposed to plant glycoproteins in their diet, though
obviously without negative consequences.

For parenteral drugs, however, the most widely accepted view is that, with regard
to patient’s safety, the immunogenic sugar residues must not be present on the bi-
opharmaceutical. In turn, other residues such as terminal GlcNAc and Gal should
be added, as we shall see below.

The issue of non-human glycosylation is not restricted to N-glycans. It is highly
questionable – to express it diplomatically – whether the exchange of mucin type
Ser/Thr linked glycans to Hyp-linked arabinans in the proline-rich hinge region of
IgA can be accepted in parenteral drugs (Karnoup et al., 2005). However, as for oth-
er expression systems (e.g., CHO cells), the attachment sites for post-translational
modifications such as Hyp-O-glycosylation or O-glycosylation (see above) are pre-
dictable from the primary amino acid sequence and might be excluded in advance.
The integrity of the product must be tested in any case.

Finally, it should not be forgotten that antibodies produced in animal cells
(mainly CHO, NS0) may likewise be immunogenic (Werner et al., 1998; Gomord
et al., 2005). Moreover, the protein portion of “humanized” antibodies may itself be
immunogenic (Gomord et al., 2005). Thus, while immunogenicity is not an “extra-
terrestrial” phenomenon seen only with plant-made antibodies, it is certainly de-
serving of the notorious statement: “More research is needed”.
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15.5.2

Towards a Humanized N-Glycosylation in Plants

As highlighted above, the two plant-specific sugar residues – the core fucose and
the xylose – are considered to be the major limitation for plant-made injectable gly-
coproteins, especially due to their immunogenic potential.

The very first approach in the direction of non-immunogenic plant glycans was
the isolation of an Arabidopsis mutant by immunostaining which was found to lack
GlcNAc-T I (von Schaewen et al., 1993; Strasser et al., 2005). Although of minimal
biotechnological value by itself, this cgl mutant (cgl indicates complex type glycos-
ylation) showed that plants without complex-type sugars are viable and in fact do
not show an eye-catching, easily observable phenotype. At a time when investiga-
tions with knock-out mice drastically showed the absolute necessity of complex-
type glycans in animals (Schachter, 2002), this was an important encouragement
for biologists to pursue the glycoengineering of plants. It should be noted that in
this mutant plant the enzymes responsible for attachment of the two immunogen-
ic plant-specific residues are still present, but because of the lack of proper sub-
strate they cannot generate cross-reactive carbohydrate determinants.

An early approach with anti-sense RNA intended to silence GlcNAc-T I in Nico-
tiana benthamiana plants failed to reduce the content of immunereactive sugars,
despite a more than 50-fold reduction of transferase level (Strasser et al., 2004a). A
marginal increase in Man5 was seen as the only response.

Another very popular (as far as this term is appropriate in this context) approach
makes use of the retention signal for ER-resident proteins, KDEL or HDEL (Wan-
delt et al., 1992; Gomord et al., 1997; Ko et al., 2003; Tekoah et al., 2004). ER-reten-
tion was found to considerably increase product yield (Schouten et al., 1996), but
the final product bears oligomannosidic N-glycans, which hardly can be regarded
as desirable for injectable glycoproteins except for products with a desired short
half-life. In addition, in many instances (but not always) the ER-retention mecha-
nism is subject to slight leakage (Ko et al., 2003; Tekoah et al., 2004). This leakage
leads to the occurrence of some complex-type N-glycans in the product, and prob-
ably also to the presence of plant-specific residues. Its abundance may have been
underestimated in cases where N-glycosidase F was used during the course of gly-
can analysis (see below) (Ko et al., 2003; Tekoah et al., 2004).

The most elegant, radical and convincing approach would be the targeted knock-
out of the two respective genes coding for the xylosyl- and core α1,3-fucosyltrans-
ferase by homologous recombination. Unfortunately, plants (at least higher plants)
are not accessible to this aim, but there are two exceptions to this rule. The first
one, A. thaliana, also does not allow gene knock-out, but there exists a large collec-
tion of T-DNA insertion lines (http://signal.salk.edu/tabout.html) which can be
searched specifically for insertions into the gene of interest (Alonso et al., 2003). By
identifying T-DNA lines for the two fucosyl- and the one xylosyltransferase knock-
outs and by crossing these three lines, a mutant Arabidopsis plant was generated in
which the N-glycans no longer contained xylose and core-fucose and which did not
at all bind anti-CCD antiserum (Strasser et al., 2004b). While Arabidopsis is not re-
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garded as an industrial protein production system, this line may allow the genera-
tion of humanized antibody in plants.

The only plant, however, where true targeted gene knock-out has ever been suc-
cessfully and efficiently performed is the moss Physcomitrella patens (Girke et al.,
1998; Koprivova et al., 2002). In contrast to Arabidopsis, fucosyltransferase is encod-
ed by just one single-copy gene in Physcomitrella patens. A stable knock-out line de-
void of fucosyl- and xylosyltransferase has been generated (Koprivova et al., 2004).
Physcomitrella is used as an expression host based on secretion of the target protein
into the medium of liquid cultures. Several products have been expressed success-
fully in double knock-out strains in high yields, including IgG4 (Gorr and Jost,
2005), IgG1 (M. Schuster et al., unpublished results), and EPO (A. Weise et al., un-
published results).

For modern crop plants, there is however little hope for gene knock-out, not least
because of their polyploidity. In the case of tobacco, corn, alfalfa, and duckweed
RNAi technology promises results within a predictable timeframe. In fact, RNAi
technology was used successfully in N. benthamiana plants to knock-down the ex-
pression of â1,2-xylosyltransferase, which resulted in clearly reduced amounts of
â1,2-linked xylose containing N-glycans (R. Strasser et al., Fourth International
Symposium on Glycosyltransferases, Le Touquet, 2004). This contrasts the poor
result obtained with sense/antisense RNA of GlcNAc-T I (Strasser et al., 2004a),
which may be explained by the higher efficiency of newer RNAi strategies or by
differences in the rate of overexpression of GlcNAc-T I versus Fuc-T and Xyl-T
(R. Strasser, personal communication).

A fourth strategy employs enzymes competing for substrates with the undesir-
able Xyl-T and Fuc-T activities. In fact, co-expression of â1,4-galactosyl-transferase
(4-Gal-T) with the product of interest is an obvious means to “humanize” plant N-
glycans (Fig. 15.6), and this has repeatedly been reported (Palacpac et al., 1999;
Bakker et al., 2001; Fujiyama et al., 2001). The Xyl- and Fuc-Ts can no longer act on
substrates containing galactosylated antennae (Leiter et al., 1999; Bencur et al.,
2005). In fact, the N-glycans of 4-Gal-T-expressing plants were found to be less xy-
losylated and especially less fucosylated (Palacpac et al., 1999; Fujiyama et al., 2001;
Misaki et al., 2003). However, while the idea of converting all N-glycans into dian-
tennary digalactosylated structures by the recombinant (human) 4-Gal-T is elegant,
the results are disappointing. Either, the amount of “humanized” glycans was low
(Bakker et al., 2001), and then the “bad” transferases had not been inhibited effec-
tively (Fig. 15.7), or the glycan processing was disturbed such that it gave rise to hy-
brid-type glycans in unexpected ways, with, however, reduced amounts of immu-
nogenic sugars, especially of fucose (Fig. 15.7) (Palacpac et al., 1999; Fujiyama et
al., 2001; Misaki et al., 2003; Bakker et al., 2006). Human-like galactosylation has
also been performed in double knock-out strains of Physcomitrella (Gorr and Jost,
2005; Huether et al., 2005), and some progress was achieved in further glycoengi-
neering in this promising expression host.

Much time has passed since the first report on the co-expression of 4-Gal-T
(Bakker et al., 2001) was published, and attempts at a quantitative human-like
galactosylation have still to be completed successfully.
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An alternative to in-vivo galactosylation is the post-harvesting glyco-remodeling
with â1,4-Gal-T. This approach has already been performed on plant-derived anti-
bodies (Raju et al., 2001; Bardor et al., 2003b), and even large-scale reactions are
possible, as shown with human IgG (Warnock et al., 2005a). Although glyco-re-
modeling can even be extended to sialylation, it remains to be shown that such a
process can be operated economically, and in competition with alternative (or actu-
ally classical) production systems (Borth et al., 2005).

15.5.3

Improving Antibodies by Glycoengineering

We now have summarized attempts to implement an authentic human-like glycos-
ylation on plant-made proteins. Recent studies on antibodies, however, demon-
strated that it is possible by glycoengineering to generate drugs which are not only
equivalent but even superior to the natural version in terms of their pharmacolog-
ical efficiency (Elliott et al., 2003). The N-glycans in the Fc region of IgG are of no
relevance to antigen binding. However, their presence is required for the antibody
effector functions, namely antibody-dependent cellular cytotoxicity (ADCC), and
complement-dependent cytotoxicity (CDC) (Jefferis et al., 1998, Mimura et al.,
2001; Jefferis, 2005). ADCC depends on the interaction of the Fc-part of antibodies
with Fcã receptors, especially FcãRIII. The interaction of the antibody with FcãRIII
was found to be increased in the absence of the core fucose (Umana et al., 1999;
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Fig. 15.7 Co-expression of mammalian Gal-
transferase in plants: possible results of co-
expression of mammalian â1,4-galactosyl-
transferase. The two branches show hypo-
thetical extremes where the Gal-T activity in
the Golgi is so high that it already interferes
with mannosidase II (left branch “high”), or it

is too low to successfully compete with Fuc-T
and Xyl-T on the one hand and to achieve
complete galactosylation on the other hand.
The dotted line depicts the result of an ideal
level of expression together with optimal
localization of the enzymes. This has, how-
ever, not yet been fully achieved.



Shields et al., 2002; Shinkawa et al., 2003; Schuster et al., 2005). In mammalian
cells, underfucosylation is achieved indirectly by overexpression of a NOGO signal
– that is, GlcNAc transferase III (Umana et al., 1999), a strategy which can lead to
a tenfold increase in efficacy (Schuster et al., 2005). Alternatively, silencing or
knock-out of the FUT8 gene in CHO proved useful to produce improved non-
fucosylated antibodies (Mori et al., 2004; Yamane-Ohnuki et al., 2004). Plants a
priori do not add a core α1,6-fucose to N-glycans, and therefore a transgenic plant
host system devoid of the immunogenic 3-fucosylation such as Physcomitrella
could be a suitable expression platform for glyco-optimized antibodies.

The advantages of a more efficient antibody, for example in tumor treatment, are
twofold (Elliott et al., 2003; Schuster et al., 2005). First, the antibody dose required
to achieve a certain clinical effect can be lowered, thereby evading adverse reactions
caused by the foreign protein. Second, at the original dose, the panel of cells at-
tacked and eliminated due to the antibody will also include cells with a lower anti-
gen density on their surface (Schuster et al., 2005).

Of course, these thoughts do not necessarily relate to plants, but a recent study –
which showed a 40-fold lytic activity related to improved ADCC – indicated that the
above-mentioned moss Physcomitrella patens may be a promising host in the hunt
for efficient, glyco-optimized biopharmaceuticals such as antibodies (M. Schuster
et al., unpublished results).

15.6

Trust is Good, Control is Better: A Structural Analysis

Glycoproteins in general and tetrameric glycoproteins such as antibodies of the
IgG class are very complex entities, and the structure of the (heterogeneous) N-gly-
cans is only one of the aspects of the primary structure which must be controlled.
For the sake of brevity, only glycosylation analysis shall be considered here. One
possible approach is the use of lectins, which has its merits in special cases but it
is near to impossible to obtain a complete qualitative and quantitative profile of the
structures present. Lectin arrays in conjunction with sophisticated data evaluation
may, however, be a useful tool to measure quantitative changes within a defined
glycosylation pattern (www.procognia.com). The other two approaches both start
with the release of the glycans by peptide : N-glycosidase or anhydrous hydrazine
(Harvey, 2005). The usually employed N-glycosidase F (PNGase F) can act on
whole proteins, often without any denaturation. However, PNGase F is not able to
release core-α1,3-fucosylated glycans (Tretter et al., 1991). Therefore, plant glycop-
roteins, as well as those from protostomia and “lower” animals, shall be treated
with N-glycosidase A (glycoamidase A, PNGase A) from almonds. This enzyme,
however, exhibits a generally poor activity towards whole proteins, denatured or
not (Tarentino and Plummer, 1982). Although exceptions to this rule can be found,
it is advisory to employ PNGase A only after a proteolytic digest of the substrate
protein (Kolarich and Altmann, 2000). We will neither discuss here the need nor
the various methods for purification/isolation of the released sugar chains (Har-
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vey, 2005; Kolarich and Altmann, 2000; Kuster et al., 2001; Wheeler and Harvey,
2001), but only the principal methods of oligosaccharide analysis.

The free glycans can be analyzed by mass spectrometry (MS), by high pH anion
exchange HPLC or – after derivatization with a fluorophore – by regular HPLC or
electrophoresis.

Mass spectrometric analysis is often performed using matrix-assisted laser-de-
sorption time-of-flight instruments (MALDI-TOF) (Guile et al., 1996; Kolarich and
Altmann, 2000; Bardor et al., 2003b; Koprivova et al., 2004; Strasser et al., 2004b;
Harvey, 2005; Sagi et al., 2005). Apart from the unmatched speed of this method,
it yields unequivocal information about the composition of the glycans, though not
about the actual structure. Therefore, a combination of mass spectrometry and
HPLC plus successive digestion with glycosidases or NMR spectroscopy is needed
to fully define the glycosylation pattern on a glycoprotein. However, once this has
been achieved for a particular protein from a particular host system, MALDI-TOF
spectra appear adequate to monitor the glycosylation profile. For example, an N-
glycan from a plant source with the composition GlcNAc4Man3XylFuc can be as-
signed the structure called GnGnXF3 (see Fig. 15.3), whereas a deoxyhexose on an
IgG produced in a mammalian system can safely be assumed to be α1,6-linked to
the innermost GlcNAc. However, with structures becoming more complex addi-
tional information is needed.

High pH anion-exchange HPLC (HPAEC HPLC) (Hermentin et al., 1992) re-
quires specialized equipment, and today has been largely superseded by HPLC
methods where a chromo- or fluorophore is attached to the oligosaccharide by re-
ductive amination (Bigge et al., 1995; Natsuka and Hase, 1998). Other chemistries
(e.g., reaction with 1-phenyl-3-methyl-5-pyrazolone; PMP) have remained less pop-
ular, probably due to the name of the reagent (Ethier et al., 2002). Despite the deri-
vatization step, these methods are by far easier to implement and also offer the ad-
vantage that they can be coupled (online or not) to mass spectrometry. The “japa-
nese” fluorophor 2-aminopyridine is suitable for normal-phase as well as reversed-
phase HPLC (Hase, 1993; Takahashi, 1996), whereas the “anglo-american” 2-ami-
nobenzamide is mostly used only with normal-phase HPLC (NP-HPLC) (Guile et
al., 1996; Royle et al., 2002; Tekoah et al., 2004). NP-HPLC separates according to
size but provides enough structural selectivity to discriminate, for example, the iso-
mers of the mono-galactosylated N-glycans in IgG (Guile et al., 1996). Great prom-
ise lies in the high resolution obtained by capillary electrophoresis of fluorophore-
labeled glycans (Callewaert et al., 2004), whereas slab gel-based applications (e.g.,
the FACE® system from Prozyme/Glyco, San Leandro, CA, USA) are easily imple-
mented but probably less efficient in terms of resolution and identification power
(Jackson, 1996). All of the methods employing fluorophores offer reliable molar
quantitation of the glycan species. An interesting comparison of methods for the
evaluation of IgG glycosylation was recently provided (Routier et al., 1998). Their
inherent disadvantage lies in the restricted information content of the sole identifi-
cation criterion retention time. Exoglycosidases can be used to corroborate assign-
ments, making the analysis a tedious undertaking due to the repeated HPLC runs.
The same applies to two- or three-dimensional HPLC as practiced with 2-aminopy-
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ridine-labeled glycans. It can therefore be expected that combinations of liquid
chromatography with mass spectrometry will play an important role in glycopro-
tein analysis.

One approach in this direction makes use of tryptic peptides which are subject-
ed to HPLC coupled with electrospray ionization (ESI) and a mass spectrometer
with high resolution and precision such as Q-TOF type instruments. In most cas-
es – notably in that of the human IgG constant region – the glycopeptide(s) give
good signals which can be interpreted similarly as MALDI-TOF MS data (J. Stadl-
mann, D. Kolarich, and F. Altmann, unpublished results; Hodoniczky et al., 2005;
Karnoup et al., 2005; Kolarich et al., 2005, 2006a,b). As with MS of released sugars,
the glycopeptide MS approach cannot resolve isobaric structures, but it has several
advantages:

• It is less laborious than the enzyme array/NP-HPLC approach.
• It delivers a far more explicit information about the glycans, since glycan mass

can be translated into composition.
• It provides site-specific information about glycan structures (in contrast to

MALDI MS).
• It reveals underglycosylation, deglycosylation and cleavage by endo-N-acetylglu-

cosaminidase – that is, by modifications which are overlooked by MALDI MS or
HPLC of free glycans (Fig. 15.8).

• It delivers a plethora of data about the protein, for example about the integrity of
N- and C-termini.

To conclude, there is considerable motion in the area of glycoprotein analysis, and
the method applied is determined by the question and by the availability of instru-
mentation.
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Fig. 15.8 Glycosylation status of the IgG
heavy chain. (a) An example of a normally gly-
cosylated tryptic glycopeptide from human
IgG1. (b) The result of endo-â-N-acetylglucos-
aminidase action on a non-fucosylated N-gly-
can (E. Stöger and J. Stadlmann, unpublished
results). (c) The glycopeptide containing an

aspartic acid instead of the asparagine which
would result from the action of peptide:N-gly-
cosidase on a formerly glycosylated peptide.
(d) The truly unglycosylated peptide. Modifi-
cations b to d cannot be revealed by methods
analyzing the glycan moiety alone, but only by
mass spectrometry of (glyco-)peptides.



15.7

Conclusions and Outlook

Plants are recognized as promising hosts for the production of biopharmaceuti-
cals, especially in terms of safety and economy (Ma et al., 2005a). In the past, some
major limitations of plants for the production of glycosylated biopharmaceuticals
have been based on a few differences in the N-glycan pattern between plants and
humans. Some of these differences, such as fucose and xylose residues attached to
the core structure, are considered to comprise immunogenic potential, while oth-
ers such as sialylation may influence the pharmacokinetics and activity of a given
protein. The recently achieved successes regarding the humanization of N-glycans
in plants creates much opportunity for the production of glycosylated biopharma-
ceuticals. Moreover, glycoengineering in plants also represents a promising tool
for product optimization. In the future, products will not be limited to antibodies
which, nonetheless, constitute the economically most interesting group of bio-
pharmaceuticals.
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Introduction

Medicinal and aromatic crops are valuable sources of fresh and dry herbs, essential
oils, botanicals, food supplements, and pharmaceuticals. Many of these plants
have been traditionally collected from the wild, but with the advent of increasing
demands, many of them have been domesticated and grown under intensive agri-
cultural conditions. All of our cultivated crops originated from wild species, and in
order to adapt wild plants into cultivation it has been necessary to introduce unifor-
mity as well as other quality and agronomic traits [1]. The main methodology to at-
tain this has been by breeding based on classical genetics. This approach has been
largely successful, and has resulted in the huge number of crop varieties available,
with unique agronomical attributes. However, this has resulted in limited genetic
variation within the crop species [1, 2]. Additionally, the implementation of classic
genetic methodologies in crop breeding is a relatively slow and laborious process
as it usually involves several generations of crosses and selections, and sometimes
requires the introduction of a novel trait from distant (often wild relatives) of the
crop plant [3,4]. The transfer of a beneficial trait from one genetic background to
another via sexual hybridizations results in hybrids often containing undesired
traits of the donor parent. Several backcrosses to the recurrent parent are necessary
to eliminate these unfavorable traits. This is often a long, costly and tedious pro-
cess, but it is essential for the efficient preservation of most of the beneficial traits
of the original variety into which the novel trait was introduced [3, 4].

Recent advances in molecular biology have offered promising tools for the crea-
tion of many novel crop varieties with improved nutritional and health values, re-
sistance to herbicides, pests, diseases, pollutants and adverse climatic conditions.
This has been accomplished by the use of molecular markers to monitor breeding
programs and facilitate the precise and efficient introduction of a desired trait into
an elite background, while maintaining the original elite content of other genomic
regions [4,5]. Molecular markers are used to track the linked gene of interest to an
easily detectable DNA fragment and thus accelerate recovery of the recurrent par-
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ent genome in backcross programs. DNA molecular markers have also been wide-
ly used to create DNA fingerprints of plants, and have thus become useful tools for
genotype identification, pedigree analysis, and estimating genetic distances
between organisms. DNA fingerprints are also utilized for plant variety protection
and purity, ensuring breeders’ rights [4]. Classical breeding programs usually uti-
lized phenotypic selection, while the use of molecular markers enables the initial
development of the desired phenotype by direct selection at the genotypic level.
The use of molecular markers has significantly reduced the time and costs of the
backcross processes, increased the efficiency of precise selection of desired pheno-
types, and thus has increased the efficacy and profitability of breeding programs
[4]. However, the use of molecular markers does not eliminate the necessity to con-
duct crosses. Also, the source of contributing genes is limited by reproductive bar-
riers, and the transfer of genes is limited only within the same biological species or
to very close relatives [4, 5].

A complementary approach to crop breeding is based in the implementation of
genetic engineering. The Britannica Concise Encyclopedia defines “genetic engi-
neering” as the “… Artificial manipulation, modification, and recombination of
DNA or other nucleic-acid molecules in order to modify an organism or population
of organisms”. The term initially meant any of a wide range of techniques for mod-
ifying or manipulating organisms through heredity and reproduction. Today, how-
ever, it denotes the narrower field of recombinant-DNA technology, or gene clon-
ing, in which DNA molecules from two or more sources are combined, either with-
in cells or in test tubes, and then inserted into host organisms in which they are
able to reproduce. The implementation of genetic engineering into crop-breeding
programs has become a reality, gaining much importance (and controversy) dur-
ing the past few decades. Through genetic engineering the gene that is transferred
may either originate from the same species, or from a completely unrelated organ-
ism. Moreover, genetic engineering enables one to silence, control and modify the
expression patterns of the transferred and endogenous genes. It is presently pos-
sible to direct the synthesis of metabolites to organs or developmental stages that
normally would not produce the metabolites of interest by reintroducing endoge-
nous genes with modified expression patterns [5]. For example, the linalool syn-
thase gene (LIS), a key gene in flower aroma, was isolated from the flowers of
Clarkia breweri and has been cloned and transferred to tomato, where its expres-
sion was imposed to fruits by the use of the E8 promoter [6]. This has resulted in a
modified aroma profile of the transgenic fruit. In an analogous fashion, by sup-
pressing existing pathways to undesired metabolites or degradation products, it is
possible to improve the quality of agricultural crops and modify the pharmaco-ac-
tive components of a given medicinal plant. As only one or several new traits are ef-
ficiently incorporated into existing varieties, the need for backcross hybridizations
is minimized. Genetic engineering has therefore an unprecedented ability to com-
plement existing breeding programs. By using genetic engineering, it is now pos-
sible to efficiently manipulate the levels and composition of many primary and sec-
ondary metabolites in crops for human benefit [5]. This includes changes in carbo-
hydrate composition, and the modifications of lipids, amino acids, pigments, nu-
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traceuticals and even aroma compounds. By using these technologies it has also
been possible to modify the levels of active pharmaceuticals in medicinal plants, to
stimulate the production of novel chemicals, and to reduce the levels of undesired
byproducts or metabolites that adversely affect the quality. Nevertheless, in order to
accomplish this task efficiently it is important first to determine the active com-
pounds to be modified, and to elucidate their biochemical pathways and the pat-
terns of expression of the genes responsible for their synthesis. To confer plants
with desired traits, novel pathways can be introduced into target plants and in par-
allel, endogenous genes can be “turned off” (silenced) using proper constructs.
Thus, the possibility of manipulating biosynthetic pathways to accumulate valu-
able metabolites, either by enhancing their synthesis or by preventing their degra-
dation, has been demonstrated. In addition, the organ specificity or temporal re-
strictions for the production of natural products can be overcome using genetic en-
gineering [4].

The commercialization of many genetically engineered plants and plant prod-
ucts is currently being actively pursued by biotechnology and seed companies, and
many genetically engineered plants are presently field-tested to determine their
potential for commercialization (http://www.nbiap.vt.edu/cfdocs/globalfieldtests.
cfm). Examples of such genetically engineered crops include novel varieties resist-
ant to pests and pathogens, including nematodes, insects, viruses and fungi; yield-
ing products with extended shelf-life; seed with improved amino acid or oil compo-
sition; increased carbohydrate content and improved flavors, and crops tolerant to
environmentally friendly herbicides [5]. In fact, genetically engineered soybean,
corn, and cotton are increasingly produced in the USA. According to the U.S. De-
partment of Agriculture (USDA), the acreage of genetically modified organism
(GMO) crops is increasing annually, such that in 2005 some 63% of US soybean
acreage, 24% of the corn acreage, and 64% of the cotton acreage were GMOs
(http://usda.mannlib.cornell.edu/reports/nassr/field/pcp-bbp/pspl0301.txt). In this
chapter, we will discuss public concerns and objections to agricultural GMO prod-
ucts that are currently limiting their wider utilization in certain countries.

Medicinal plants comprise a group of crops presently gaining increasing popu-
larity. To meet the demands of the growing markets for fresh and dried herbs and
natural alternative medicines, better varieties of medicinal crops are constantly be-
ing produced. Medicinal plants are either utilized in their traditional way (e.g., raw,
dried, extracts, tinctures), or as source for valuable medicinal compounds, nutra-
ceuticals and health-benefiting compounds. The use of biotechnological tools in
medicinal plants is very limited as compared to other crops. Traditional herbs mar-
kets normally do not accept GM plants, but in many medicinal plants it is still not
clear which is the active compound, or if a mixture of components is needed for
pharmacological action. This also causes a major limitation for the implementa-
tion of genetic engineering in traditionally used medicinal plants. However, this is
not necessarily the case when the active compound is well defined and has a com-
mercial demand, such as morphine in opium poppies. The implementation of ge-
netic engineering to modify the level and composition of such natural products al-
ready used in the pharmaceuticals industry, carries a huge economical potential.
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Compounds of commercial interest are often available in limited quantities, only
from landraces, endangered, difficult to cultivate or exotic species, and could be
overproduced in the original plant or genetically engineered into a domesticated
more common crop to meet market demands.

Once the target compounds are identified, it is crucial to understand the biosyn-
thetic pathways involved in their formation. Some natural products are biosynthe-
sized by only one or a few enzymes from ubiquitous precursors, but most natural
products require the involvement of many biosynthetic steps. Moreover, the bio-
synthesis of natural products is often restricted to specific organs in the plants, or
occurs only during a certain developmental stage or as a response to a specific en-
vironmental stimulus [7]. Furthermore, plants often accumulate mixtures of many
active natural products – a fact that makes more challenging the implementation
of genetic engineering methodologies, usually targeted at one or a few genes. How-
ever, the many recent advances in our understanding of the metabolic pathways to
the formation of distinct natural products, and the isolation of cDNAs coding for
respective key enzymes has opened new frontiers in the genetic manipulation of
medicinal plants. Genetic modification of plant secondary metabolite pathways
can be performed not only by utilizing genes that code for key enzymes in the path-
ways, but also by using transcriptional regulators [8]. In essence, by using genetic
engineering, it is possible to change essential oil compositions, pharmaceutical
properties, and other characteristics by introducing genes from other organisms,
changing the expression pattern of existing genes, and repressing the expression
of endogenous genes, thus diverting the flow of metabolite to desired directions
[4,5].

16.1.1

Biosynthesis: Active Principles in Medicinal Plants

Although the pharmaceutical and industrial importance and value of many alka-
loids, essential oils, and other natural products is clear to growers, processors and
consumers, the biological role of most of these compounds in the plant that pro-
duces them remains obscure. Nonetheless, plants invest significant amounts of
energy and resources in their production [9]. Moreover, most of them are formed
by elaborate arrays of enzymes, concertedly controlled by the expression of their re-
spective genes. Many of the natural products accumulated in plants serve as
growth regulators or have clear ecological roles, such as protection against insect
and mammalian predation [9–13], protection against fungal, bacterial diseases, or
against adverse climatic conditions, such as damaging UV irradiation [14]. Addi-
tionally, several natural products serve as signals to attract pollinators, or mediate
pathogenic, parasitic, or symbiotic interactions [10, 15]. It is often advantageous to
understand the physiological role of a natural product before attempting to manip-
ulate its levels, as the manipulation of a certain compound might affect other at-
tributes, including agricultural performance, in the GM plant.

Although the medicinal properties of plants have been known since antiquity,
this information is not always recognized by modern medicine, or has been lost in
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the course of history. Modern medicinal plant research is aided by ethnobotany
knowledge, and also involves the screening of plant material utilizing bioassays,
cell cultures and model animals – a multidisciplinary approach termed “natural
drug discovery”. Genetic enhancement of the active compound in a medicinal
plant via DNA recombination requires the discovery of the active compound and
the way in which it is biosynthesized. This usually involves a multidisciplinary ap-
proach that is facilitated by the coordinated action of several often seemingly con-
troversial approaches and disciplines. The major approaches by which the active
compound can be identified and modified include pharmacognosy, biochemistry,
and molecular biology. The pharmacognosists develop and utilize bioassay-guided
fractionation of extracts of medicinal plants for specific activities related to disease
states. Once an active fraction is discovered, the biochemists identify the nature
and the chemical structure of the active compounds, while the molecular biologists
search for genes and plant organs involved in the biosynthesis of the active com-
pound. The combined data from these studies are then used to develop the trans-
genesis approach by which the content of the active compound will be significant-
ly increased.

Several medicinal plants have more than one medicinal use and active com-
pound, and are often efficient in the treatment of seemingly unrelated clinical con-
ditions. For example, St. John’s wort (Hypericum perforatum) was traditionally used
to stop bleeding and heal wounds, but today it is mostly used to minimize the ef-
fects of minor to moderate mental depression. Neither the active compounds that
heal wounds nor those acting against depression are yet fully characterized, and
most probably they are not the same. Nonetheless, the quality of H. perforatum ex-
tracts is commonly measured by the content of the anthraquinone derivatives hy-
pericin and hyperforin, that are unique to Hypericum spp. [15].

16.1.2

Identification of the Biosynthetic Pathways

As mentioned above, a prior understanding of the target biosynthetic pathway is
advantageous for the discovery of the limiting biosynthetic factors and their genet-
ic and environmental mode of regulation. Despite the vast number of chemical
structures that natural products comprise, their large majority is biosynthesized by
a surprisingly small number of metabolic pathways [7, 16]. Parts of these metabol-
ic pathways are ubiquitous to all organisms, and developed by small but important
modifications of ancestral genes and pathways [17, 18]. For example, many of the
specialized plant compounds, including monoterpenes, sesquiterpenes, triter-
penes and related derivatives such as the sterols, saponins and cucurbitacins found
in many unique medicinal and aromatic plants, are all biosynthesized by the ubiq-
uitous terpenoid pathway, by which the widespread carotenoids, chlorophylls, to-
copherols and other ubiquitous metabolites are also, at least in part, biosynthe-
sized. Similarly, diversion and modification of the ubiquitous pathway to lignin,
gives rise, in specific plants and organs, to anthocyanin and other flavonoid pig-
ments and physiologically active compounds such as the soybean phytoestrogens
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and resveratrol (a stilbene derivative associated with lowering blood pressure) [7].
Volatile phenylpropene compounds such as cinnamaldehyde, t-anethole, and
eugenol, reminiscent of cinnamon, anise, and cloves, are also derived from mod-
ifications of the general phenylpropanoid pathway [7]. In many cases, the same
molecules occur in various botanically unrelated fruits; an example is the monoter-
pene alcohol geraniol, which displays a marked rose-like scent, is present in the
scents of many flowers, and contributes to the flavor of many fruits and spices.
Interestingly, the familiar purine alkaloid caffeine, present in coffee beans and
leaves, is also present in tea, mate, guarana, and citrus flowers [19]. As the above
plants belong to diverse and seemingly unrelated plant families, it is conceivable
that the ability to biosynthesize caffeine evolved repeatedly and separately during
evolution. Conversely, it is possible that all plants had the ability to biosynthesize
caffeine, but this ability was lost in most (but not all) plants during evolution. At
times, the biosynthetic pathways to the same compounds in different plants are
not always identical. For example, in lemon basil (Ocimum basilicum), geranial (a
lemon-scented monoterpene aldehyde) is derived from geraniol, directly derived
from geranyldiphosphate [20, 21], whereas in tomato and watermelon fruits the
very same compound, geranial, seems to be derived by the breakdown of larger
terpenoids such as lycopene [22, 23].

About 5000 different alkaloids are known, and most are derived from amino ac-
ids. Phenylalkylamines such as ephedrine, present in Ephedra, are derived from
phenylalanine, while the indole alkaloids such as psilocin and psilocybin (present
in hallucinogenic mushrooms), as well as the neuroactive serotonin and melato-
nin, are derived by decarboxylation of tryptophan. Tyrosine is a precursor of tyra-
mine, a compound associated with migraines, while the betacyanin pigments are
typical of beets, amaranthus and cacti, as well as the hallucinogenic phenylpropy-
lamino alkaloid mescaline, produced by certain cacti, and the benzylisoquinoline
alkaloids morphine, thebaine and codeine present in opium poppies [19].

Despite the vast diversity in chemical structures, it seems that as a rule, the ma-
jority of the known natural products are biosynthesized by parallel, overlapping
and somehow similar biosynthetic pathways. This is probably why metabolic engi-
neering of secondary metabolism in medicinal plants carries such a wide potential
for the improvement and modification of plant unique phytochemistries. Never-
theless, due to our lack of sufficient knowledge of the metabolic grids in the target
plants, metabolic engineering of medicinal compounds can act as a two-edged
sword, yielding unexpected and even counterproductive results.

16.2

Sources of Key Genes that Affect the Biosynthesis of Plant Natural Products

Once the metabolic pathway to a compound of interest is known, it is possible to
attempt its genetic manipulation, but first it is essential to isolate the key genes
that determine the biosynthesis of the target compounds. The primary and most
direct way to isolate key genes in the formation of a given natural product begins
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by identifying a key enzymatic reaction involved in the formation of the metabolite
of interest. This is normally accomplished by utilizing “pulse and chase” experi-
ments as well as catalytic assays in proteinaceous cell-free extracts. The enzyme is
then purified to homogeneity and a partial amino-acid sequence generated. Degen-
erate DNA probes and primers are then designed, synthesized and utilized to
screen appropriate cDNA libraries, to isolate the desired full-length clones. This
approach was initially the only alternative to isolate genes when no DNA sequence
information was available, and might still be the only practical alternative to isolate
genes for which no complementary sequence information is available. Certain pro-
teins are not amenable to purification, and their purification to homogeneity might
often be a frustrating task. Thus, despite the great analytical advances in protein-
sequencing methodologies, obtaining sufficient homogenous protein for such
analyses might be limiting for the wider use of this direct approach.

A different approach to isolate genes involved in the biosynthesis of key natural
products depends on the contingent and tightly linkage of the gene of interest with
previously characterized DNA markers [4]. The strength of this technology, termed
“map-based positional cloning”, is its ability to hit into an almost unlimited re-
source of natural and induced genetic variation without prior assumptions or
knowledge of specific genes. This approach is particularly promising to identify
genes from species in which highly saturated genetic maps are available, such as
maize and tomato [24]. However, the implementation of these methodologies into
medicinal plants remains problematic. Although genetic molecular maps are avail-
able, the lack of enough molecular marker data and sufficiently saturated genetic
maps presently hampers the wider use of map-based positional cloning to isolate
genes affecting natural product formation [4, 25]

Possibly, the most common approach to isolate genes coding for key enzymes in
secondary metabolism is based on DNA similarities displayed by genes that code
for enzymes with related functions. It is a well-known phenomenon that discrete
areas of similarity at the DNA level are often found in genes belonging to particu-
lar multigene families, or in genes with related biochemical or structural function.
Such an approach has led to the identification of genes coding for novel O-methyl-
transferases, acyltransferases, sesquiterpene synthases, and other genes involved
in secondary metabolism [18, 26, 27].

Genomic methodologies, aimed at analyzing whole genomes have been devel-
oped during the past decade. The “genomic” approaches attempt to examine the to-
tality of the genetic information including all the genes as well as the nontran-
scribed regions of the DNA, in contrast to the more classical approaches that dis-
sected individual traits. These novel methodologies include specially developed
high-throughput technologies, through which a large number of sequences, genes
and gene products can be examined and characterized [28, 29]. Sequence informa-
tion is currently available for some complete genomes; these include information
on more than 90 fully sequenced prokaryotic genomes, and eight fully sequenced
eukaryotic genomes, including the human, mouse, Arabidopsis thaliana and rice,
while many genome projects of other important plants such as maize, tomato, and
Medicago truncatula (an annual relative of alfalfa but with a genome size of only
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half) are in progress. From these studies we have learned that, in spite of the high
phenotypic diversity among organisms, there are many similarities in genome or-
ganization. Therefore, the genomic information obtained for one organism is of
relevance to another less-studied organism. To date, there has been no substantial
effort to obtain the whole genome sequence of a medicinal crop, though tomato ge-
nomic data, for example, might be highly relevant to medicinal plants belonging to
the Solanaceae and to other plant families.

In addition to full genomic information, an increasingly large amount of ex-
pressed sequence tag (EST) information is available. ESTs are generated by mas-
sive and random sequencing of cDNAs generated from the mRNA of the tissue of
interest. ESTs are typically short (normally only partially represent the full-length
clones) and are of relatively low sequencing quality. ESTs offer a quick method for
cloning and examining a large number of genes known to be expressed in a partic-
ular cell population or tissue. Today, sequence information is available publicly for
more than 7 700 000 ESTs. This information comprises many plant species, more
than 1180 000 ESTs from rice (Oryza sativa), 720000 from maize (Zea mays),
620 000 from Arabidopsis, 350 000 from soybean (Glycine max), 250000 from apple
(Malus ×domestica), and almost 200000 from tomato (Lycopersicon esculentum), to
name a few. In the case of medicinal plants, EST information is still lacking,
though more than 38 000 ESTs are available for ginger (Zingiber officinale), 30 000
for Capsicum annuum, 23 000 for basil (Ocimum basilicum), and 12 500 for turmer-
ic (Curcuma longa). More than 6300 ESTs are known from ginseng (Panax ginseng),
6200 from gingko (Ginkgo biloba), and 5500 from Stevia rebaudiana (http://www.
ncbi.nlm.nih.gov/dbEST/dbEST_summary.html). The amount of such informa-
tion is rapidly growing, as many new ESTs are compiled and deposited in the pub-
lic databases. Moreover, much information on many other plants is available in the
private sector.

In addition to this largely increasing database size, systematic modifications of
existing biochemical and molecular biology methodologies have been designed to
allow for the processing of thousands of samples simultaneously. This has result-
ed in improved methodologies that allow the simultaneous analysis of microar-
rays, or cDNA chips that provide data on the transcription levels of thousands of
genes (transcriptome) [29]. Developments in the automation of two-dimensional
polyacrylamide gel electrophoresis, coupled to mass spectrometry (MS) adapted to
proteins, has resulted in a technique often described as “proteomics”, by which it
is possible to monitor abundance patterns and often identify thousands of proteins
simultaneously [30]. Additionally, developments in MS has resulted in an approach
often termed “metabolomics” or “metabolic profiling”, by which the levels of thou-
sands of low molecular-weight metabolites including sugars, acids, and plant-con-
stituents can be monitored simultaneously [29, 30]. These advances have effective-
ly shortened the time and reduced the cost analyses of thousands of biological sam-
ples, and in turn have provided an unprecedented high volume of biological infor-
mation. Many useful computer programs and algorithms to process the genomic
data have been developed and are readily available, and are collectively known as
“Bio-informatics”. By using bio-informatics, many putative biochemical functions
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are assigned to thousands of individual sequences, based on similarity to known
genes and their expression patterns. For most cases this is sufficient to predict the
role of a new available gene with a great degree of accuracy. Nevertheless, the final
confirmation of the biological function of a sequence is normally made by func-
tional expression utilizing homologous or heterologous systems (Fig. 16.1). This
process is not always simple or trivial, especially when annotating genes involved
in secondary metabolism [5].

38316.3 Genomic Approaches Applied to Medicinal Plants Research

Fig. 16.1 Functional expression of a gene
involved in natural product biosynthesis. The
gene is putatively identified by bioinformatic
means, inserted into an expression vector.
Bacteria are transformed with the above
construct and induced to produce high levels
of active protein. The putative substrate is

administered under conditions that favor
catalysis, and conversion of the substrate to
the expected products confirms the identity 
of the gene. IPTG, isopropyl-â-d-thiogalacto-
pyranoside. Note: A color version of this
figure is available in the color plate section.

16.3

Genomic Approaches Applied to Medicinal Plants Research

Many of the metabolic pathways to specific natural products occur only in specific
plants and tissues. Thus, in order to take maximal advantage of the high-through-
put technologies, a tissue where the genes of interest are expressed must be iden-
tified to serve as the source of genes. For example, mRNA obtained from isolated
glandular trichomes from sweet basil, has been used to generate sequence infor-
mation that has been key in identifying many genes involved in the biosynthesis of
essential oil components of basil [20,21,26,31–33]. Similar projects aimed at eluci-
dating genes involved in secondary metabolism in many plants are currently being
pursued. These include studies in peppermint, rose petals, opium poppy (Papaver
somniferum), Stevia rebaudiana, and tea tree (Melaleuca alternifolia), among others
[34–39]. These studies have corroborated previous evidence on the involvement of
specific genes and biosynthetic pathways in the formation of mono-, di-, and tetra-



terpenes, volatile phenolics alkaloids, and other secondary metabolites, and have
also uncovered genes coding for novel methyltransferases, hydroxylases, acetyl-
transferases, sesquiterpene synthases and many other genes involved in the forma-
tion of natural products.

Other ways to verify the biological function of the sequence in question include
overexpression or silencing of the gene, in the original plant, utilizing sense, anti-
sense, co-suppression or RNAi constructs [40]. The purpose of these approaches is
to observe any phenotypic change associated with the overexpression or silencing
of a gene of interest. Phenotypic changes are interpreted, and the gene’s function
is deduced based on the biochemical pathways that are inferred to be altered in the
transgenic plants. Transient expression analysis is a powerful tool to shorten the
time for gene functional analysis. In transient expression the gene is expressed in
the target tissue, but it is not stably incorporated in the plant genome and thus is
not transferred to the progeny. An elegant approach for transient expression utiliz-
es transgenic viruses for gene silencing. Virus-induced gene silencing (VIGS) in-
volves cloning a short sequence of the plant gene of interest into a viral delivery
vector. The vector is used to infect a young plant, and in a few weeks natural de-
fense mechanisms of the plant directed at suppressing virus replication also result
in specific degradation of mRNAs from the endogenous plant gene that is targeted
for silencing [41]. As a result, a phenotype of a plant with a silenced gene is ob-
tained. Agro-injection can also be used to monitor altered phenotype caused by the
gene under study. This technique is based on the inoculation of a defined tissue,
such as young fruits, with an Agrobacterium strain harboring the gene of interest
with a suitable promoter. The gene is expressed during tissue development and the
altered phenotype is monitored [42].

One of the most elegant examples on how systematical functional analyses can
be used to identify key genes involved in natural product biosynthesis was report-
ed for St John’s wort (Hypericum perforatum L.), preparations of which are widely
used as an antidepressant [43]. St. John’s wort leaves and flowers, as well as dark-
grown cell cultures, accumulate the naphthodianthrone compound, hypericin,
which is intensely red and acts as a photosensitizer and inhibitor of monoamine
oxidase. Although the biosynthesis of hypericin was not well studied, it was in-
ferred that emodin, a colorless, naturally occurring anthraquinone derivative
(1,3,8-trihydroxy-6-methylanthraquinone) was its precursor. An expression cDNA
library was prepared from mRNA isolated from dark-grown H. perforatum cell cul-
tures that produced hypericin. Upon the addition of emodin to the screening
plates, intensely red-colored colonies were identified, indicating that the cells were
expressing the biosynthetic enzyme and converting the putative precursor emodin
to the colored hypericin. After further characterization of the product and se-
quence analyses of the clones, a new gene was discovered that seemingly utilizes a
series of condensation, dehydration and two phenolic oxidative coupling reactions
to generate hypericin [43]. Interestingly, the gene has 35% identity with norcoclau-
rine synthase, a gene isolated from meadow rue (Thalictrum flavum ssp. glaucum)
cell cultures. (S)-Norcoclaurine synthase catalyzes the condensation of 3,4-di-
hydroxyphenylethylamine (dopamine) and 4-hydroxyphenylacetaldehyde as the
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first committed step in the biosynthesis of benzylisoquinoline alkaloids such as
morphine, sanguinarine, and berberine, in plants [44]. This gene was isolated us-
ing amino acid sequence information of the purified Thalictrum flavum protein,
and the cDNA’s biochemical identity was confirmed by functional expression in
E. coli.

16.4

Generation of Transgenic Medicinal Plants

Metabolic engineering relies on the stable incorporation of a gene of interest into
the genome, and its transfer to future generations. For that, it is also imperative to
develop efficient transformation systems. Some plants (e.g., tobacco or tomato) are
relatively amenable to transformation, while pepper, despite being related taxo-
nomically to the former two, is extremely difficult to transform. It is thus crucial to
develop efficient transformation systems specifically designed for each pant.
A compilation of medicinal plants for which a stable transformation system has
been recently reported is provided in Table 16.1. The most widely used method for
plant transformation is based on the ability of the pathogenic soil bacteria Agrobac-
terium spp. to introduce into their plant hosts a fragment of a plasmid that they
carry (T-DNA). By using recombinant DNA technology, the pathogenesis related
genes can be replaced with agronomically important genes, rendering Agrobacte-
rium an efficient transformation vector. Alternative methods for the generation of
transgenic plants include the direct transformation of “naked” DNA into plant pro-
toplasts (cells devoid of their cell-walls), by using electric shocks (electroporation)
[45,46], or by use of the “particle gun” or “biolistic” transformation [47].

The gene(s) isolated should be configured so that, upon their insertion into the
host plants, they will be expressed in the appropriate levels, the appropriate tissues
and subcellular compartments, and without interfering with other metabolic pro-
cesses taking place in the target organisms. The control of gene expression is pri-
marily dictated by DNA sequences located adjacent to the genes of interest, termed
promoters. RNA polymerases interact with the promoter sequences and other cis-
or trans-acting factors to regulate gene expression. The promoters used for plant
transformation can originate from several organisms, but in order to be useful the
promoters must be recognized by the plant RNA-polymerase-acting factor system
to be transcribed. Promoters from genes showing precise temporal and spatial reg-
ulation patterns in leaves, flower organs, roots, seeds, as well as responsive to ex-
ternal influences such as heat shock, wounding, and applied chemicals have been
identified, and can be used to direct the expression of the gene of interest in the tar-
get plant. Alternatively, by using strong constitutive promoters such as the CaMV
35S promoter derived from the cauliflower mosaic virus, it is possible to bring
about expression of the gene of interest constitutively throughout the genetically
altered plant. In other words, by a careful choice of the promoter used coupled to
the gene of interest, it is possible to generate transgenic plants in which expression
of the transgenic trait is restricted to a certain organ, a defined developmental
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stage, a response to the environment, or alternatively, the introduced gene is con-
stitutively expressed throughout the plant.

Genetic engineering has afforded novel ways to attain insect, herbicide and
stress resistance in many crops. Transgenic medicinal plants, harboring such
genes are not commercially used. Nevertheless, transgenic belladonna with altered
alkaloid content (see below) is currently being field-tested for insect resistance
(http://www.isb.vt.edu/cfdocs/fieldtests3.cfm). More recently, we have witnessed
successes in metabolic engineering of crops to attain novel and better quality char-
acteristics, such as modified color, aroma, and nutritional content [5]. The poten-
tial for metabolic engineering to modify the composition of active components of
medicinal plants is still in its early stages, and is ready to be explored [48–53].
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Table 16.1 Medicinal plants with stable transformation systems.

Latin name Common name Transformation Ref.
system

Allium sativum L. Garlic Microprojectile 54 
bombardment

Artemisia annua L. Artemisia Agrobacterium 55
tumefaciens

Bacopa monniera (L.) Wettst. Brahmi A. tumefaciens 56

Cannabis sativa L. Hemp A. tumefaciens 57

Digitalis minor Common foxglove A. tumefaciens 58

Drosera rotundifolia L. Round-leaved sundew A. tumefaciens 59

Echinacea purpurea Purple coneflower A. tumefaciens 60

Eleutherococcus sessiliflorus Siberian Ginseng A. tumefaciens 61

Eschscholzia californica Cham. California poppy A. tumefaciens 62

Hyoscyamus niger L. Black henbane A. tumefaciens 63

Lycium barbarum Chinese wolfberries A. tumefaciens 64

Panax quinquefolius L. American ginseng A. tumefaciens 65

Papaver somniferum L. Poppy A. tumefaciens 66
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16.5

Metabolically Engineered Medicinal Plants

16.5.1

Alkaloids

Many alkaloids are pharmacologically active and are often the active principles of
medicinal plants. Although the biosynthetic pathways to alkaloids in plants are
usually complex and involve many biosynthetic steps, they have been an important
target for metabolic engineering experiments. Many of the key genes involved in
the biosynthetic pathways for some alkaloids, such as scopolamine, nicotine, mor-
phine and berberine, have been isolated and identified [7, 73]. The prospects and
limitations of engineering plant alkaloid metabolism have generated a great deal of
interest [48, 73–77]. Some examples describing metabolic engineering for the
modification of the pharmaco-active principles of medicinal plants are described
below.

16.5.1.1 Amino Alkaloids
Aromatic l-amino decarboxylases catalyze the decarboxylation of aromatic amino
acids, and serve as a key starting point for the biosynthesis of many plant amino al-
kaloids [49]. Decarboxylation of tyrosine gives rise to tyramine and dopamine;
these latter compounds serve as precursors of many other alkaloids and cell-wall
components. Tryptamine and serotonin are derived from the decarboxylation of
tryptophan. Genetic manipulation of the levels of aromatic amino decarboxylases
has led to increases in tryptamine, serotonin and tyramine levels, and has also re-
sulted in decreased cell wall digestibility due to increased deposition of amino al-
kaloid components [49].

16.5.1.2 Terpenoid Indole Alkaloids
Terpenoid indole alkaloids are accumulated by many medicinal plants, including
Rauwolfia serpentina, Catharanthus roseus, and Strichnos nux vomica, and have
many pharmacological uses. They include reserpine, which lowers blood pressure,
ajmaline, which is used to treat heart arrhythmias, and strychnine, a potent poison
[19]. The biosynthetic pathway to indole alkaloids is involved and includes more
than 20 enzymatic steps. Nevertheless, the enzyme strictosidine synthase catalyzes
a key step in the biosynthesis of terpenoid indole alkaloids: the condensation of
tryptamine and secologanin to form strictosidine [78]. Strictosidine is a precursor
to many important alkaloids such as strychnine, quinine, vincristine, vinblastine,
ajmaline and ajmalicine [78]. Cell cultures of Catharanthus roseus have been trans-
formed with the gene strictosidine synthase (Str). Ectopic expression of the Str
transgene caused an accumulation of the glucoalkaloid strictosidine and some of
its derivatives, including ajmalicine, catharanthine, serpentine, and tabersonine
[48].
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16.5.1.3 Tropane Alkaloids: Hyoscyamine and Scopolamine
One of the first reports of successful metabolic engineering of a medicinal plant
was reported in 1992 [77]. Belladonna (Atropa belladonna) accumulates the tropane
alkaloid hyoscyamine, used against skeletal muscles spasms and as an antidote
against organophosphate poisoning [19]. The epoxidated-derivative of hyoscya-
mine, namely scopolamine, possesses anticholinergic activity, and is primarily a
depressant on the central nervous system; its is used prophylactically against mo-
tion sickness.

Scopolamine is biosynthesized from hyoscyamine by the action of hyoscyamine
6-â-hydroxylase. This gene was transferred from Hyoscyamus niger to belladonna
and constitutively expressed. The transgenic belladonna accumulated almost ex-
clusively scopolamine in lieu of hyoscyamine in their aerial parts [77]. Interesting-
ly, the transgenic belladonna carrying the hyoscyamine 6-hydroxylase gene with
altered alkaloid content is now being field-tested for insect resistance (http://www.
nbiap.vt.edu/cfdocs/globalfieldtests.cfm).

16.5.1.4 Isoquinoline Alkaloids: Morphine, Codeine, and Thebaine
A genetically modified opium poppy that produces the pharmaceutical precursor,
thebaine, instead of the narcotic alkaloids morphine and codeine, has recently
been described [79]. Opium, the latex of the immature capsules of the opium pop-
py (Papaver somniferum), has been used as a pain reliever from antiquity. During
the 19th century, morphine, codeine and thebaine were isolated from opium, and
their structures determined. Thebaine is a convulsant drug with no analgesic ef-
fects and, as such, is not used clinically. However, it is important in the production
of other semisynthetic opioids, including many of the modern pain-relievers. Since
thebaine (in contrast to morphine) cannot be easily converted to heroin (an acetyl
derivative of morphine), the genetically altered crops provides a good solution to
hamper the utilization of opium poppy as a source for the illicit drug market.

16.5.2

Metabolic Engineering of the Terpenoid Pathway

16.5.2.1 Monoterpenes
Many mononoterpenes are key constituents of essential oils and impart unique
aromas to flowers and fruits. Some monoterpenes have therapeutic properties.
Peppermint (Mentha ×piperita) essential oil consists mainly of menthol and men-
thone, while high levels of menthofuran are considered detrimental to its quality.
The gene coding for the enzyme menthofuran synthase has been silenced in pep-
permint, generating plants harboring an essential oil with a much lower menthof-
uran levels, and therefore of a much higher quality than the essential oil from con-
trol nontransgenic plants [80]. Moreover, ectopic expression of the gene coding for
deoxyxylulose phosphate reductoisomerase, a key enzyme in the plastid terpenoid
pathway by which mint monoterpenes are biosynthesized, caused a 50% increase
in accumulation of the total the essential oil levels in transgenic peppermint [80].
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Other examples of the metabolic engineering of the monoterpene pathway have
been demonstrated utilizing the Clarkia breweri floral gene linalool synthase (LIS)
[81]. When LIS was overexpressed in tomato fruit, noticeable levels of linalool and
8-hydroxylinalool were noted [6]. When the same gene was expressed in Petunia
flowers, the linalool formed in the transgenic plants was glycosylated [82]. Interest-
ingly, when the Clarkia LIS gene was overexpressed in carnation flowers, a lower
level of linalool was detected, together with linalool oxides [83]. The above exam-
ples illustrate that the introduction of one gene into different tissue and organism
can give rise to many phenotypes. Thus, in metabolic engineering the same gene
product can result in different phenotypes depending on the targeted tissue and
organism (Fig. 16.2). Understanding the cause for these differences will facilitate
future metabolic engineering experiments.
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Fig. 16.2 Overexpression of the Clarkia breweri S-linalool synthase (LIS) in
different plants and tissues results in the formation of different end products.
Note: A color version of this figure is available in the color plate section.

16.5.2.2 Sesquiterpenes
Wormwood (Artemisia annua L., Asteraceae) is an annual herb that contains arte-
misinin, a sesquiterpene lactone. Artemisinin is available commercially as an anti-
malarial drug that is efficacious against drug-resistant strains of Plasmodium, the
malarial parasite. Artemisinin is formed by a series of biosynthetic steps initiated



by cyclization of farnesyl diphosphate. Overexpression in transgenic wormwood
plants, of a cotton gene encoding farnesyl diphosphate synthase (the enzyme cata-
lyzing farnesyl diphosphate synthesis) resulted in a two- to threefold increased pro-
duction of artemisinin as compared to nontransformed controls, probably due to
an increase in the levels of available farnesyl diphosphate [84].

16.5.3

Cannabinoids

Tetrahydrocannabinolic acid (THCA) synthase is the enzyme responsible for the
production of tetrahydrocannabinol (THC), the psycho-active principle of marijua-
na. THCA synthase catalyzes the cyclization of the monoterpene moiety of canna-
bigerolic acid to form THCA. The gene that codes for this enzyme has recently
been identified, isolated, and found to be expressed in the trichomes of the plant
[85]. This gene is similar to the gene from Eschscholzia californica that codes for the
FAD-dependent berberine bridge enzyme, involved in the formation of berberine,
an antimicrobial alkaloid constituent of many traditionally used plants. The THCA
synthase gene was overexpressed in tobacco plants that were able to synthesize
THCA and when fed with cannabingerolic acid [86]. Since cannabigerolic acid is
relatively easy to synthesize, and the THCA produced is secreted into the media in
which the transgenic plants were grown, this approach renders a novel alternative
for the production of THCA in a controlled way for medicinal purposes.

16.6

Conclusions

The utilization of modern biotechnological tools, as well as high-throughput ge-
nomics analyses, including sequence data, transcriptomics, proteomics, and me-
tabolomics, coupled to bioinformatic tools and functional expression, has allowed
the identification of novel genes involved in the biosynthesis of key natural prod-
ucts. These genes can readily be used to modify the phytochemistries of medicinal
plants using metabolic engineering. Moreover, the potential for metabolic engi-
neering to improve the nutritional and health value of agricultural produce, and
even to generate new medicinal plants based on common food crops using genes
involved in secondary metabolism is very promising. Transgenesis technology has
been used to produce a variety of crop plants. To date, the commercial successes of
GM crops are limited to conferring resistance to insect pests and viruses, and pro-
ducing tolerance to specific environmentally friendly herbicides. These traits are
highly beneficial for farmers, but the benefit to the consumers is less evident, ex-
cept for the rare cases where the use of GM crops has led to reduced prices. This is
probably one of the major reasons for the public objections and concerns regard-
ing GM products. Many of our antibiotics and other drugs we consume are pro-
duced by using modern biotechnology, including transgenic bacteria and cell cul-
tures, without any significant public objection. GM medicinal plants are unlikely to
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be used for traditional consumption. However, the successful production of GM
medicinal plants, with increased concentrations of active compounds or with im-
proved agronomic performance, are commercially appealing. It is believed that the
production of such transgenic medicinal plants are a major challenge for current
research and development in biotechnology.

Traditionally, throughout human history and in all cultures, plants have been
used as a source of medicines. Scientific progress has allowed us to identify a mi-
nor fraction of the active compounds and their mode(s) of action, and this has
greatly contributed to the development of modern medicines. It is still arguable,
however, whether transgenic medicinal plants will be an economical reality in the
near future. Nonetheless, there is no doubt that the biological information of how
to synthesize the often extremely complex bio-active compounds is contained with-
in the genome of medicinal plants. In the genomic era, medicinal plants are not
only a source of chemicals, having acquired a new role, but also serve as a source
for genes involved in formation of the active principles. It is our joint duty not on-
ly to extract information from these plants and to utilize this information wisely,
but also to preserve them for future generations.
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Intellectual Property Protection of Plant Biotechnology

Konrad Sechley and Clare Salisbury

17.1

Introduction

Innovations directed to enhancing or augmenting plant production is a very active
area of intellectual property protection. It is important that discoveries in this area
be protected in order to secure economic returns for the intellectual and financial
investment in research and development. Along with the rapid advances in this ar-
ea of technology, the intellectual property protection of plant biotechnology and
other biotechnology-related subject matter has undergone significant transforma-
tion. Several countries have needed to revise their legislation and modify their
practice through case law as a result of the challenges posed by the rapid impact of
this area of technology.

Plant-related subject matter can generally be protected using plant variety pro-
tection (plant breeders’ right), utility patents and, in the USA, by a plant patent.
Scientist need to be aware of the different requirements for securing a patent ver-
sus a plant breeders’ right, as well as the scope of protection afforded by these dif-
ferent forms of protection. Further considerations arise as the type of protection
available for plant-related inventions is not harmonized worldwide. For example, a
plant cannot be protected by a utility patent in countries that do not allow patent-
ing of higher life forms (HLFs), such as Canada. Furthermore, many countries in
Europe exclude the patenting of plant varieties, whereas there is no such exclusion
in the United States, and a plant variety may be co-protected by a patent or by a
plant breeders’ right. Although aspects of biotechnological innovation can also be
protected by copyright, trademark, industrial design and trade secret, these forms
of intellectual property protection are not discussed in this chapter. The protection
of plant biotechnology has also been reviewed previously [1]. The present chapter
provides an overview of the legislation and issues relating to protecting plant bio-
technology, and current legal developments in this area.
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17.1.1

Utility Patents

Plants and plant-related inventions may be protected using a regular (utility) pat-
ent. The scope of protection offered by a utility patent is broader than that available
under plant variety protection; however, the cost of obtaining a patent is greater
and the process more involved, than plant variety protection. Utility patents can ap-
ply to whole novel plants, and also to plant genes, methods for creating novel
plants and novel applications for an existing plant. Many major jurisdictions per-
mit the patenting of non-human HLFs including Europe, the US, Japan and Aus-
tralia, with Canada being a notable exception.

A patent is an exclusive monopoly right that is granted to an inventor for a limit-
ed period of time, in return for a full and complete disclosure of the invention. The
“bargain” theory lies at the heart of patent protection. The disclosure is the essence
of the bargain between the inventor, who obtains a monopoly for the relevant peri-
od to exploit the invention, and the public, which obtains open access to all the in-
formation necessary to practice the invention. Patents are items of property, which
may be assigned or licensed to another party.

A patent owner has the exclusive right during the life of the patent, to prevent oth-
ers from working the invention without permission. Patent rights are therefore im-
portant tools for ensuring financial return to the effort made to bring the technol-
ogy to a form that has industrial utility. However, having an exclusive right to the
patented invention does not mean that the patent holder owns the technology. The
patent holder obtains the right to exclude others from practicing the patented in-
vention, but there is no “ownership” of the subject matter of invention itself. For
example, having a patent to a transgenic plant does not mean that the patent hold-
er owns the plant. Rather, the patent holder owns the right to exclude others from
practicing the invention, or in this example, from growing the plant. As such, a pat-
ent does not result in the “ownership of life”.

The monopoly that is created by obtaining a patent is restricted to the country
covered by the granted patent. In order to cover more than one jurisdiction, it is
necessary to make separate applications to each country where a patent is required.
Each application must be prosecuted through to grant in that particular jurisdic-
tion before the patent owner can exclude others from working the invention. As a
result of a difference in laws between countries relating to the type and scope of
protection available to biotechnology-related inventions, it is common to obtain
patents of different scope in different countries.

The grant of a patent does not give the owner the automatic right to commercial-
ize the invention. The patent owner may not have “freedom to operate” in a partic-
ular jurisdiction due to other earlier patents in the field of the invention that are
dominant and in force. Furthermore, regulations may be in place that prevent
working of the invention until certain legal requirements are met. For example in
Europe, marketing authorization from the European Commission must be ob-
tained before a food product derived from a genetically modified organism can be
brought to market [2].
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17.1.2

Trade-Related Aspects of Intellectual Property Rights (TRIPS)

The standard for patent rights is outlined in the global intellectual property treaty
agreement of Trade-Related Aspects of Intellectual Property Rights (TRIPS) [3].
Member countries of the World Trade Organisation (WTO) that have signed this
agreement must ensure that the requirements stated in TRIPS are met in their own
legislation. Article 27(1) of TRIPS states that “…patents shall be available for any in-
ventions, whether products or processes, in all fields of technology, provided that
they are new, involve an inventive step and are capable of industrial application.” [4].
However, member countries may exclude inventions on moral grounds, such as to
protect human, animal or plant life or health, or to avoid serious prejudice to the en-
vironment. Other possible exclusions include plants and animals other than micro-
organisms; methods for the treatment of humans or animals; and essentially bio-
logical processes for the production of plants or animals other than non-biological
and microbiological processes [5]. These exclusions are optional and vary from
country to country. For example, the European Patent Convention (EPC) includes
the exclusion from patentability of inventions that are considered contrary to “ordre
public” or morality [6] as discussed below; whereas there is no such exclusion in oth-
er jurisdictions for example, USA, Canada, Australia and Japan. Additionally, as
outlined below, HLFs, including plants and animals are patentable within the US,
Europe, Australia and Japan, while Canada does not permit the patenting of HLFs.

Signatory countries to TRIPS must provide either patent protection for plants, or
an alternate form of protection, for example plant variety protection, if the protec-
tion of a plant is not permitted [7]. An example of a global standard plant variety
protection is set out within the Union International pour la Protection des Obten-
tions Végétales (UPOV) Convention [8].

17.1.3

Plant Variety Protection

The UPOV Convention is a global agreement setting out a minimum standard for
the protection of plant varieties, similar to that of TRIPS for patents. Member
states that are signatories of UPOV must bring their legislation in compliance with
the UPOV standard. Under UPOV, entities of one member state are permitted to
apply for plant breeders’ rights in other signatory states. Over the past 25 or so
years several versions of UPOV have emerged (UPOV 1978 and 1991). The two ver-
sions of UPOV are similar in that they provide protection to a plant variety, provid-
ed that variety is distinct from existing known varieties, it is uniform, stable, and
novel. However, there are several significant changes in the 1991 Convention; for
example, the definition of “propagating material” has been modified, and provi-
sions relating to Farmers’ Rights governing the replanting of seed for personal use,
have been specifically addressed in UPOV 1991.

Although plant variety protection meeting the standard set out under UPOV is
accepted in over 50 countries, such protection has not been uniformly accepted,
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and many countries with strong histories of farmers’ privilege have yet to accede to
the Convention [9]. There is also a continuing debate on the effect of plant variety
protection and the use of Material Transfer Agreements (MTAs), on sharing and
developing new plant germplasm [10]. However, MTAs may be used in the absence
of plant variety or patent protection. Furthermore, providing plant variety protec-
tion does not imply that protected germplasm will not be made available for others
to use.

UPOV 1978 provides an exclusive right to produce and offer for sale propagating
materials of a plant variety, but the right does not extend to the harvested end prod-
uct, for example a fruit. Furthermore, the right only pertains to a commercial end
product, and not to non-commercial uses. As a result, replanting seed is implicitly
allowed under UPOV 1978, leading to what has been known as “Farmers’ Privi-
lege”. Also provided in the 1978 Convention was a breeders’ exemption permitting
the use of protected varieties as a germplasm source to develop new plant varieties.

The 1991 Convention introduced several significant amendments to UPOV. The
duration of the breeder’s right was extended to a minimum of 20 years for most
plants, and to 25 years for vines and forest, fruit and ornamental trees. The num-
ber of plants genera and species that could be protected under UPOV was in-
creased from a select list of specified plants in 1978, to all plants. Furthermore, the
1991 Convention provides the option to protect all aspects of the production and re-
production of a plant variety, including harvested material for example, grain, fruit
and cut flowers. The scope of protection under UPOV 1991 includes production,
conditioning, exporting, importing, and stockpiling the propagated material. The
1991 Convention permits a member State the right to include the protection of
products of harvested material, for example flour, and juice. The protection of har-
vested material has the effect of removing Farmers’ Rights from the Convention,
as there is no longer a right to replant seed. However, the application of this provi-
sion is discretionary for each member State of UPOV [11], and a country can pro-
vide an exemption, or a partial exemption, in their laws to permit Farmers’ Privi-
lege. For example, Farmers’ Privilege may be provided for all crop types, or this
privilege may provide the farmer the right to save seed of only specified crop types.

Another important change pertains to providing protection to plant varieties that
can be considered “essentially derived” from the protected variety. A plant that is
“essentially derived” comprises the properties of a protected variety along with a
minor change [12]. For example, introducing a gene using recombinant tech-
niques into a protected plant variety may not be sufficient to exceed the “essential-
ly derived” criteria unless the gene alters the variety in a significant manner [13].

The UPOV 1991 Convention also provides a grace period of up to one year for
registering a plant variety that had otherwise been sold prior to applying for protec-
tion with a UPOV member country. Under the 1978 Convention, no such grace pe-
riod was provided. Provisional protection of a variety must also be provided within
member countries that are signatories to 1991 UPOV. Provisional protection en-
sures that a variety remains protected during the time while an application is pend-
ing provided that the variety is not sold prior to obtaining variety registration. Com-
pulsory exemptions to variety protection are also provided in UPOV 1991. These
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exemptions include use of a protected variety for private and non-commercial pur-
poses, for experimental purposes, and for breeding other varieties.

17.1.4

Genetic Resources

On June 29 2004, the “International Treaty on Plant Genetic Resources for Food
and Agriculture” (also referred to as The International Seed Treaty) came into force
[14]. To date, the Treaty has been ratified by 72 countries, including Canada, the
United Kingdom, and the European Community. Notable exceptions of countries
that have not yet ratified or accepted this Treaty include Australia, Brazil, Japan,
and the US. This Treaty aims to ensure that the raw materials used to develop new
crop varieties remain publicly available. In so doing, the Treaty promotes the con-
servation of plant genetic resources for food and agriculture. This Treaty is direct-
ed at ensuring farmers’ rights, and at developing a Multilateral System that com-
prises an aggregate of genetic material from the member countries so that mem-
bers may, by paying a fee, have access to the genetic material. The preamble to the
Treaty states that “…nothing in this Treaty shall be interpreted as implying in any
way a change in the rights and obligations of the Contracting Parties under other
international agreements.” However, there is a debate as to whether the treaty will
remain subordinate to TRIPS and UPOV. The text of the Treaty has been interpret-
ed to indicate that farmers’ rights are restricted by national intellectual property
laws [15].

In an effort to ensure access to genetic resources and equal benefit sharing, a
new disclosure requirement, to be made within patent law, is being considered by
member states of the WTO. The Convention on Biological Diversity (CBD), which
was adopted in 1992, and now comprises 168 signatory countries, included refer-
ence to the recognition of access and equitable benefit sharing of genetic resourc-
es, and recognized that a country has sovereignty over its own genetic resources.
Therefore, a country may control access to a genetic resource under mutually
agreed upon terms [16]. A “genetic resource” has been broadly defined within Ar-
ticle 2 of the CBD to include any material of plant, animal, microbial or other ori-
gin containing functional units of heredity, and having actual or potential value.
This Convention provides the option of a member state to require disclosure of the
source (i.e. the actual source, including the country, or gene-bank from which the
material was obtained), source of origin (the source country), and legal provenance
(the origin and the chain of custody of the sample) of a genetic resource within a
patent application [17].

Current patent laws of the US, Canada, Europe, Japan, and Australia do not re-
quire that the source, source or origin, or legal provenance of a genetic material to
be stated within a patent application. The disclosure requirement being discussed
would require an applicant to disclose the source of any genetic resource used to
make a claimed invention, along with evidence of prior informed consent that the
genetic resources were obtained according to mutually agreed upon terms within
their patent application. It is proposed that failure to satisfy this proposed disclo-
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sure requirement would result in rejection of the application or invalidation of the
resulting patent [18]. This proposal has received strong opposition [19].

17.2

Protection of Plant Biotechnology in Europe

Plant varieties are protectable in Europe under the Community Plant Variety Right
or through national Plant Breeders’ Rights. Plants that are not a plant variety, and
other plant-related inventions may be protected as a patent. A patent may be grant-
ed under the European Patent Convention (EPC), and this patent validated within
the desired member countries. The enforceability of a granted European patent, is
governed by the national laws of each individual contracting state where the Euro-
pean patent is validated. Alternatively, an application for patent may be filed and
granted directly within a desired European country.

The Council of the European Union (EU) established the Community Plant Va-
riety Right (CPVR) to provide a single plant breeders’ right, which extends through-
out the EU and is processed centrally by the Community Plant Variety Office in
Angers, France [20]. The CPVR is based on the provisions of the 1991 UPOV Con-
vention, protecting varieties generated by traditional breeding or through genetic
engineering provided they comply with the internationally recognized require-
ments of distinctness, uniformity, stability, and novelty [21]. A CPVR application
can be submitted and processed in the official language of any of the EU Member
States [22]. Once a CPVR is granted, it is valid throughout the EU for a maximum
duration of 25 years, or 30 years for vines, trees and potatoes, provided that annual
renewal fees are paid [23]. Under the CPVR system, Member States may continue
to grant national plant variety rights [24]; however, the applicant must chose
between national and Community rights as cumulative protection for the same
variety is prohibited [25].

17.2.1

Patent Protection: European Patent Convention (EPC)

The EPC came into force in 1973 and now includes 31 contracting states and five
extension states, thus covering most of Europe, with Norway being a notable excep-
tion. The EPC was created to provide a single European procedure before the Eu-
ropean Patent Office (EPO) for the grant of patents, on the basis of a uniform body
of substantive patent law in order to provide easier, cheaper and stronger protec-
tion for inventions in the contracting states.

When the EPC was drafted, the UPOV Convention, as adopted in 1961, imposed
a ban on the dual protection of the same invention by both the plant breeder rights
system and the patent system [26]. As such, Article 53(b) EPC was incorporated to
exclude patents for plant and animal varieties and essentially biological processes
for the production of plants and animals [27]. The ban on dual protection has since
been removed in the revised 1991 UPOV Convention; however, the exclusion from
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patentability of plant varieties remains in the EPC. This is in contrast to the situa-
tion in USA, where dual patent and plant breeders’ rights protection for plant va-
rieties is available.

The extent of the exclusion of plant varieties under Article 53(b) EPC was in
question in a decision of the Technical Board of Appeal issued in 1983 [28]. The
case related to a chemical treatment of propagating material (e.g., seeds) for plants
in order to make the plants resistant to agricultural chemicals, such as herbicides.
In allowing the patent, the Board of Appeal held that even though the claims in-
cluded within their scope propagating material for all kinds of cultivated plants and
known plant varieties that had received the defined chemical treatment, the sub-
ject-matter of the claims was not an individual variety, and there was therefore no
contravention of Article 53(b) EPC.

A related case concerning animal varieties rather than plant varieties, was issued
by the Technical Board of Appeal in 1990 on the Harvard mouse application [29].
The invention related to the genetic treatment of animals for the purpose of cancer
research, and the application included claims to animals that had been so treated.
The Examining Division of the EPO rejected the application, concluding that al-
though the wording of Article 53(b) EPC excluded “animal varieties” from patent-
ability, the intention of the legislator had been to exclude animals in general from
patentability. The Board of Appeal disagreed and held that the term “animal varie-
ties” in Article 53(b) EPC did not have the effect of excluding “animals as such”
from patentability and the application was referred back to the Examining Division
for further examination, with the result that the patent issued. The patent was then
opposed and a final decision was not rendered until July 2004, where the patent
was allowed with claims restricted to a rodent.

Confusion arose following a case concerning a patent granted to Plant Genetic
Systems (PGS), which included claims to a genetically modified plant that was re-
sistant to a herbicide. In keeping with the Harvard decision, which concluded that
HLFs are patentable, the PGS patent was allowed. The issued patent was opposed,
but found acceptable by the Opposition Division. However, the Opposition
Division’s decision was appealed and the decision reversed, with the Technical
Board of Appeal holding that a product claim which embraced “plant varieties” was
not patentable under Article 53(b) EPC [30]. In the description of the PGS patent, a
number of working examples were given showing that plants so transformed dis-
play normal fertility, and that the characteristic of herbicide resistance is transmit-
ted in a stable manner to second-generation seedlings. The Technical Board of Ap-
peal concluded that “…the transformed plants or seeds of the working examples, ir-
respective of whether they would meet the conditions for the grant of a breeder’s
right, are plant varieties as they comply with the definition of the concept of ‘plant
varieties’ being distinguishable, uniform and stable in their relevant characteris-
tics.” The term “plant variety” was therefore construed broadly by the Technical
Board of Appeal to include plants that had been genetically modified, and the
claims were disallowed.

The PGS decision appeared to be in conflict with previous case law relating to
the Harvard decision, prompting the President of the EPO to refer a question to the
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Enlarged Board of Appeal, the highest Court in the European patent system, for re-
view. The question asked “Does a claim which relates to plants or animals but
wherein specific plant or animal varieties are not individually claimed contravene
the prohibition on patenting in Article 53(b) EPC if it embraces plant or animal va-
rieties?” [31]. In its opinion dated November 1995, the Enlarged Board of Appeal
concluded that there was no conflict between the PGS decision and the earlier de-
cisions, because in the PGS decision, claims to the genetically modified plant were
held to be contrary to Article 53(b) EPC – not because the claim embraces known
plant varieties, but because the claimed genetic modification of a plant itself makes
the modified or transformed plant a new “plant variety” within the meaning of the
revised UPOV Convention, 1991 and Article 53(b) EPC. As it was concluded that
no conflict arose, the question referred by the President was held to be inadmis-
sible and no clarification was forthcoming. It was not until December 20, 1999
upon issue of a decision of the Enlarged Board of Appeal relating to a patent appli-
cation belonging to Novartis AG [32], that the question was finally answered, pro-
viding much sought-after clarification as to the scope of patent protection available
for plant biotechnology inventions in Europe.

The Novartis application related to the control of plant pathogens in agricultural
crops and included claims to transgenic plants that are able to kill or inhibit the
growth of pathogens. The claims were initially refused by the Examining Division
of the EPO in keeping with the PGS decision. The Technical Board of Appeal how-
ever requested clarification from the Enlarged Board of Appeal asking a similar
question to the one referred to the Enlarged Board of Appeal by the President of the
EPO in the PGS case.

The Novartis case generated a great deal of public interest. Statements in favor of
the patentability of transgenic plants were filed by professional groups, such as the
Chartered Institute of Patent Attorneys, and Industry groups such as the Europe-
an Crop Protection Association, as well by companies active in the field of plant
breeding, including PGS and Monsanto. Conversely, individuals and groups com-
mitted to the protection of the environment or animals filed over 600 letters voic-
ing their concerns about the patenting of HLFs.

In contrast to the finding of the Technical Board of Appeal in the PGS decision,
the claims in Novartis were determined to cover plants which may or may not be-
long to a plant variety, and it was held that the claimed invention was neither lim-
ited, nor directed, to a plant variety or varieties [33]. The Enlarged Board of Appeal
concluded that when the legislation was drafted, the purpose of Article 53(b) EPC
was to prevent European patents being granted for subject matter for which the
grant of patents was excluded under the ban on dual protection in the UPOV Con-
vention 1961. Accordingly, inventions ineligible for protection under the plant
breeders’ rights system were intended to be patentable under the EPC, provided
they fulfilled the other requirements of patentability. The Board concluded that for
a typical genetic engineering invention, the inventor bestows a desired property on
plants by inserting a gene into the genome of those plants. It is the contribution of
the inventor in the genetic field that makes it possible to insert the gene into the ge-
nome of any appropriate plant or plant variety. This contrasted to plant breeding,
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where a suitable plant is selected for the purpose of arriving at a specific, market-
able plant variety, and this may be rewarded by obtaining a plant breeders’ right.
The inventor in the genetic engineering field would not obtain appropriate protec-
tion if they were restricted to specific varieties, because the development of specif-
ic varieties would not be in their field of activity. The inventor would be limited to
a few varieties, even though means for inserting the gene into all appropriate
plants would be provided. In conclusion, it was held that “A claim wherein specif-
ic plant varieties are not individually claimed is not excluded from patentability
under Article 53(b) EPC, even though it may embrace plant varieties” [34]. Howev-
er a new plant variety bred as a result of genetically modifying a particular plant va-
riety is still excluded from patent protection, even if the genetic modification is the
result of a biotechnological process [35]. Following this landmark decision, the
EPO began to process some 1200 applications for patents on genetically altered an-
imals and plants that had been on hold since the PGS decision in 1995 [36].

17.2.2

Biotechnology Directive

In an effort to clarify the law regarding the patenting of biotechnology inventions,
Directive 98/44/EC of the European Parliament and of the Council (Biotech Direc-
tive) [37] was adopted in July 1998 after a 10-year debate. The Biotech Directive con-
tains a number of provisions, including the exclusion from patentability of plant
and animal varieties and essentially biological processes for the production of
plants and animals.

One of the aims of the Biotech Directive was to harmonize the differences that
exist in the laws of the Member States of the EU regarding patent protection of bi-
otechnology inventions. As such, each Member State was required to incorporate
the provisions of the Biotech Directive in its national law by July 30, 2000. Imple-
mentation was met with fierce political opposition, mainly due to ethical concerns
regarding the patenting of human genes, and most countries failed to fulfill the
implementation requirements by the set deadline. In July 2003, the European
Commission referred eight Member States to the European Court of Justice (ECJ),
for failure to fully implement the Biotech Directive into their national law [38].
Many of these countries have now implemented the Biotech Directive into their
national law to avoid the impending fine if the ECJ found them guilty. To date,
however, four Member States have still not implemented the Directive [39] and the
desired harmonization between the Member States remains elusive.

An amended version of the EPC, implementing the pre-grant provision of the Bi-
otech Directive came into force on September 1, 1999 [40], just before issue of the
Novartis decision by the Enlarged Board of Appeal, who interestingly chose not to
rely on these provisions, and instead based their decision on first principles. How-
ever, in harmony with the Novartis decision, under introduced Rule 23c(b) EPC,
inventions that are directed to plants or animals are patentable if the technical
feasibility of the invention is not confined to a particular plant variety [41]. The def-
inition of a “plant variety” in Rule 23b(4) EPC corresponds with that given in the
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UPOV Convention. Furthermore a process for the production of plants or animals
is patentable provided it does not consists entirely of natural phenomena such as
crossing or selection in accordance with introduced Rule 23b(5) EPC.

With implementation of the Biotech Directive, the amended EPC also incorpo-
rated new rules clarifying what is and what is not patentable with respect to nucle-
ic acid sequences. Rule 23e EPC states that a sequence or partial sequence of a
gene, is patentable in Europe even if it previously occurred in Nature, provided that
the sequence is isolated or otherwise produced by means of a technical process and
the industrial application of the sequence is disclosed in the patent application as
filed.

The Biotech Directive also deals with the scope of protection afforded by patents
to biological material. Unlike other inventions, once a third party has legitimate
possession of a patented biological material it is easy to produce more of such ma-
terial by propagation or multiplication [42]. Under the Biotech Directive the scope
of patent protection extends to the production of such reproduced material, includ-
ing all material in which patented genetic information is incorporated, such as
seeds [43]. This ensures that the patentee receives adequate remuneration for his
or her invention, otherwise a third party would have no need to buy more of a bio-
logical material covered by a patent after the initial sale. One exception to this is a
farmers’ privilege defined in Article 11 of the Biotech Directive that authorizes a
farmer who has bought patented plant propagating material, to use the product of
his or her harvest for propagation or multiplication by him/her on his/her own
farm. As this part of the Biotech Directive deals with post-grant issues, it has not
been incorporated into the EPC, and implementation into national patent law of
the EU Member States is required.

17.2.3

Ethics of Patenting Plant Biotechnology

Article 53(a) EPC excludes from patentability “…inventions the publication or ex-
ploitation of which would be contrary to ‘ordre public’ or morality, provided that
the exploitation shall not be deemed to be so contrary merely because it is prohib-
ited by law or regulation in some or all of the Contracting States.” [44]. According
to the Technical Board of Appeal, “…inventions the exploitation of which is likely
to breach public peace or social order (for example, through acts of terrorism) or to
seriously prejudice the environment are to be excluded from patentability as being
contrary to ‘ordre public’,” and “…inventions the exploitation of which is not in
conformity with the conventionally-accepted standards of conduct pertaining to
this culture are to be excluded from patentability as being contrary to morality.”
[45]. Furthermore, “…approval or disapproval of the exploitation by national law(s)
regulation(s) does not constitute per se a sufficient criterion for the purposes of ex-
amination under Article 53(a) EPC.” [46]. There is no general exclusion of living
animals on morality grounds, and the question of whether a claimed invention
constitutes an exception to patentability within the meaning of Article 53(a) has to
be answered in each particular case on its merits [47].
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In assessing whether or not claims to a herbicide-resistant genetically modified
plant in the PGS case should be excluded under Article 53(a) EPC, the Technical
Board of Appeal found that none of the claims refer to subject-matter which relate
to a misuse or destructive use of plant biotechnological techniques, because they
concern activities which cannot be considered to be wrong as such in the light of
conventionally accepted standards of conduct of European culture. The Board also
found that it would be unjustified to deny a patent under Article 53(a) EPC merely
on the basis of possible, not yet conclusively documented hazards to the environ-
ment. Rather, the assessment of the risks involved should be carried out by a com-
petent regulatory body. If regulatory approval is given, based on the finding that no
risks or minimal risks are involved, then patent protection should be available [48].

The issue of excluding patents on moral grounds is highly controversial, espe-
cially in the biotechnology field. The patent right is an exclusionary right, not a
right to produce. Many patents are issued for products and processes that are reg-
ulated. For example, a new drug can be patented, but before it is released its safety
and efficiency must be established through extensive clinical trials to obtain ap-
proval from the appropriate regulatory body [49]. Similar regulatory approvals ap-
ply to inventions relating to methods or products in the nuclear sector. On the one
side it is argued that the patent system is not the proper forum for regulating or re-
stricting innovation in areas deemed unethical or immoral, and that placing ethi-
cal oversight into the hands of individual patent examiners is likely to cause great-
er inconsistency in biotechnology patents, not only internationally, but also within
jurisdictions. However, opponents of patents relating to living organisms argue
that if these patents can be stopped then so would the research itself, because there
would be no certain money to be made out of it [50]. From case law, it appears that
the EPO is generally taking the view that patents covering genetically modified
plants are not excluded from patentability on moral grounds; however, the particu-
lar facts of each case need to be examined to determine whether in light of those
facts the case ought to stand [51].

17.3

North America

There are several options for protecting plant-based inventions within the US.
These include plant variety protection, a plant patent, and a utility patent. In Cana-
da, only plant variety protection is available as a result of recent Supreme Court de-
cision (see below) that concluded that HLFs are non-patentable subject matter.

17.3.1

US Plant Patent

A plant patent is a unique form of protecting plant-related subject matter in the
US. A US plant patent is available for a plant that reproduces through asexual re-
production, but does not include a tuber-propagated plant [52]. This is to be con-
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trasted with plant variety protection that is directed to plants that reproduce sexu-
ally. Although not a common form of plant protection, a plant patent is used to pro-
tect ornamental and fruit-producing trees, roses, poinsettias, strawberries and oth-
er plants reproduced asexually. The duration of a plant patent is 20 years from the
priority date or the date of filing. A plant patent is different from a regular utility
patent in that it comprises one claim, and this claim is directed to the entire plant.
The scope of protection of a plant patent is limited to the specific plant described
in the specification. In this manner, the scope of protection of a plant patent is sim-
ilar to that of plant variety protection.

The applicant of a plant patent is provided with a one-year grace period prior to
filing for a plant patent. An application for a plant patent may be rejected if a plant
breeders’ right publication occurs one year before filing of a corresponding plant
patent application when combined with a foreign offer for sale [53]. A UPOV-based
disclosure itself may not be an enabling disclosure. For example, in Re LeGrice
[54], publication of a picture of a rose was considered not to be an enabling public
disclosure as no methods relating to the procedure for grafting the rose were indi-
cated. This is to be contrasted with Ex parte Thomson [55], where it was found that
cotton seed, publicly available for more than one year prior to application for a
plant patent, placed one of skill in possession of the invention. The recent decision
in Re Elsner further defines the prior art bar for a plant patent. It is stated in this
decision “…that the foreign sales of the Pendec geranium and the JA Copper rose
are not themselves…prior art against the applications; that is those foreign sales
themselves do not constitute on on-sale bar.” However, “…[w]hen a publication
identifies the plant that is invented or discovered and a foreign sale occurs that
puts one of ordinary skill in the art in possession of the plant itself…that combina-
tion of facts and events so directly conveys the essential knowledge of the invention
that the sale combines with the publication to erect a statutory bar.” [56].

17.3.2

Utility Patents

17.3.2.1 USA
As a result of the 1980 landmark decision in Chakrabarty [57], patents to any non-
human life forms, including single-cell, multi-cellular and HLFs made by the hand
of man, are allowable in the US. Furthermore, the US Supreme court decision of
J.E.M. AG Supply [58] confirmed that utility patent protection is valid for plants,
even if the plant is protected using plant variety, or by plant patent, and that a util-
ity patent offers a scope of protection that is broader than that available under plant
variety protection. As noted above, a farmer saving and replanting seed, and a
breeder producing a new variety, may do so without infringing a plant variety
certificate. However, if the plant is protected by a utility patent, the patent owner or
licensee of the patent has the right to exclude the making, using or selling of the
patented plant or seed, and may require a user to re-purchase seed for each plant-
ing.
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17.3.2.2 Canada
The issue of HLF protection in Canada was recently brought to the Supreme Court
with a 5-4 split decision in Harvard [59]. Even though the Court of Appeal of Cana-
da found the patenting of HLFs to be acceptable, concluding that an animal was a
composition of matter, the Supreme Court ruled that in Canada an HLF is not pat-
entable. The Supreme Court held that an HLF is not a “manufacture” or “a compo-
sition of matter” as required under Section 2 of the Canadian Patent Act, and as
such cannot be patented. The majority opinion argued that the Canadian Patent
Act does not clearly indicate that HLFs are patentable and that it is not designed to
address higher life forms. HLFs are allowable in other countries, including the US,
Japan, Australia and New Zealand, and reference to this fact was made in the de-
scenting opinion in Harvard. It is also noted in the descenting opinion that the
definition of invention in Canada reads almost word-for word as the definition of
invention in the US as provided in 35 U.S.C. Section 101. Interestingly, the word-
ing in 35 U.S.C. Section 101 was reviewed by the US Supreme Court in Chakrabar-
ty and found to be consistent with the patentability of life forms. The Harvard de-
cision placed Canada out of step with other Western jurisdictions with respect to
the patenting of HLFs.

The majority in Harvard argued that even though a genetically altered egg was
prepared by the hand of man, and inserted within the mouse, “…the process by
which a fertilized egg becomes an adult mouse is a complex process, elements of
which require no human intervention.” [60]. A similar argument permeated the
Trial decision, and has surface in earlier jurisprudence relating to the patentability
of HLFs in Canada, where it was stated that “…[t]he courts have regarded creations
following the laws of nature as being mere discoveries the existence of which man
has simply uncovered without thereby being able to claim he has invented them.”
[61]. The Court of Appeal in Harvard tempered the argument somewhat, suggest-
ing that laws of nature and human ingenuity may be combined, “…the oncomouse
must be considered to be the result of both ingenuity and the laws of nature – in-
genuity in the initial genetic engineering involving the assembly of the oncogene,
incorporating it into the plasmid and injecting the plasmid into the zygote; and the
laws of nature, with the oncogene then affecting all the cells of the oncomouse in
the course of gestation, the subsequent mating of an oncomouse and an uninject-
ed mouse, and the reliance on Mendelian laws of inheritance to obtain offspring
oncomice. However, the use of the laws of nature by inventors does not disqualify
a product from being an invention, provided inventiveness or ingenuity is also in-
volved.” [62]. However, this position was refuted by the Canadian Supreme Court
in Harvard.

An argument that relies on the laws of Nature can also apply to invention direct-
ed to lower life forms or other areas of technology. For example, a cell is a synergis-
tic combination of many complex processes, and the process of introducing a gene
within the cell relies on laws of Nature in combination with an appropriate mixture
of ingredients and conditions as set by a researcher. Once these conditions are set,
the transformation process requires no human intervention and takes place ac-
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cording to the laws of Nature. Taken a step further, any process that incorporates
the laws of Nature – and therefore functions in the absence of human intervention
– could be held non-patentable, including for example a chemical reaction. Howev-
er, the oncomouse in Harvard would not exist in the absence of human interven-
tion.

An argument is made in Harvard that the patenting of HLFs raises special issues
that need to be considered, as HLFs are living and self-replicating [63]. However,
this argument applies equally to all life forms, and not just HLFs, and fails to indi-
cate why the court placed an arbitrary line between higher and lower life forms.
The court also argued that “… micro-organisms are produced ‘en masse as chemical
compounds are prepared, and are formed in such large numbers that any measur-
able quantity will possess uniform properties and characteristics’. The same can-
not be said for plants and animals.” [64]. The suggestion that only cultured cells
may be produced in a uniform manner is also open to criticism, as the production
of plant-made pharmaceutical products requires a uniform, consistent product for
regulatory approval similar to that produced using cell or bacterial systems [65].

It would appear that an underlying reason for the majority opinion in Harvard is
due to the ethical and environmental concerns that would arise if HLFs were con-
sidered patentable, and this theme surfaces repeatedly throughout the decision
[66]. However, whether or not a higher life can be patented does not limit the use
or production of the life form in Canada or any other jurisdiction. If use of this
technology is of concern, then other legislative mechanisms need to be applied or
developed. The use of the Patent Act as a forum for instituting social policy is awk-
ward at best.

It is also suggested in Harvard that another legislative scheme, for example one
similar to the Plant Breeders’ Rights Act, may be used to protect HLFs [67]. This
suggestion is of concern since the scope of protection offered through Plant
Breeders’ Rights is much less than that offered by patent. This position is also in
contrast to the position put forth in the US and discussed above in J.E.M. AG Sup-
ply, where alternative forms of protection may be simultaneously used to protect a
HLF. The suggestion in Harvard that Plant Breeders’ Rights provides adequate
protection to the Rights holder again highlights the reduced strength of protection
of biotechnology-related subject matter available in Canada when compared to the
US or Europe. However, a second recent decision by the Supreme Court in Cana-
da, Schmeiser [68], suggests that patent protection of a plant in Canada may be ob-
tained even in the absence of claims to the plant itself.

Schmeiser admitted to growing glyphosate-resistant canola on his land, yet he
had never purchased any of the seed. Monsanto obtained a patent with claims di-
rected to a chimeric plant gene encoding EPSP synthase, a glyphosate-resistant
plant cell, and methods for producing a glyphosate-resistant plant [69]. However,
there are no claims to a plant in the Monsanto patent. Rather than remove the seed
from his property, Schmeiser saved and reused the seed without paying a required
license fee to Monsanto. He noted that the seed was not used for its intended pur-
pose as herbicide was not applied to the crop. However, he did save and replant the
seed year to year.

412 17 Intellectual Property Protection of Plant Biotechnology



In Schmeiser the court stated that they were not concerned with the discovery of
volunteer or blow-by plants in fields, nor were they concerned with the social util-
ity of the genetic modification of genes and cells; rather, the decision was con-
cerned with whether the patent issued to Monsanto was valid, and if valid was it in-
fringed.

The court concluded that growing canola containing a patented cell and gene
without license or permission was an infringement of Monsanto’s patent. This de-
cision is important in view of the earlier Supreme Court Decision in Harvard,
where the same court just 18 months previously had ruled that a genetically altered
mouse was not patentable in Canada. It was found that Schmeiser did not make
the invention; therefore, it was questioned whether collecting, saving, and replant-
ing seed was a use of the patented gene and a cell. The majority opinion stated that
when one “...manufactures, seeks to use, or uses a patented part that is contained
within something that is not patented, provided the patented part is significant or
important.” Then that it is an infringement [70].

The patented genes and cells are an important part of the plant as they make up
the plant. The court proposed the following analogy, that “…[t]he patented genes
are present throughout the genetically modified plant and the patented cells com-
pose its entire physical structure… In that sense, the cells are somewhat analogous
to Lego blocks: if an infringing use were alleged in building a structure with pat-
ented Lego blocks, it would be no bar to a finding of infringement that only the
blocks were patented and not the entire structure. If anything, the fact that the Le-
go structure could not exist independently of the patented blocks would strength-
en the claim, underlining the significance of the patented invention to the whole
product, object, or process.” [71].

The conclusion reached in Schmieser limits the effect of Harvard, as protection
for biological subject matter that has been genetically altered is available in Cana-
da. However, this decision is only a part fix, and as suggested by the Supreme
Court in Harvard, patent protection of higher life forms needs to be reviewed and
clarified by the Canadian Parliament.

17.4

Conclusion

Although the protection of plant-related subject matter is available in many juris-
dictions, the scope of protection varies from country to country. Plant variety pro-
tection may be obtained in most countries for a specific variety of plant, provided
that the plant exhibits traits that are distinct, uniform, and stable. Broader protec-
tion relating to a plant may be obtained in many countries through a utility patent.
For example, patent protection may be obtained for methods of producing a trans-
genic plant comprising a novel genetic construct, or the novel genetic construct it-
self may be patentable. In most western jurisdictions a novel transgenic plant is al-
so patentable. However, a novel transgenic plant is not patentable subject matter in
Canada. Even so, a plant may be protectable in Canada by patent, provided that it
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comprises a patented gene or cell. In Europe, a plant may be protected by either
patent or by plant variety protection, but not both. However, both systems may be
used in the US. Furthermore, the US also provides a unique method for protecting
asexually reproducing plants through a plant patent.
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Breeding of Medicinal Plants

Friedrich Pank

18.1

Introduction

Although, compared to other groups of cultivated plants, medicinal and aromatic
plants (MAPs) utilize only a very small cultivation area, they comprise a huge num-
ber of plant species with a diverse array of biological specificities and characteris-
tics. Plant breeding offers the opportunity to adapt these most diverse species to
the specific demands of their users, improving the prerequisites to high-quality,
profitable and sustainable production. Exploitation of the genetic potential of
MAPs is still in its initial stage, and classical breeding methods prevail due to the
high natural variability available. Nevertheless, the use of biotechnological tools
and research into genes that control secondary metabolite formation and their
transmission are currently in progress.

Plant breeding itself is a highly complex field of science, and the objects and
aims of MAP breeding vary very widely. In this chapter, we provide some high-
lights – supplemented with references – to elucidate the multifaceted subject of
plant breeding for medicinal purposes.

The first question to ask is exactly what can plant breeding provide? The pheno-
types of plants are determined not only by environmental but also by genetic fac-
tors, which are inherited from parents by their progenies. The breeder exploits the
genetic variability of populations and tries to change their genetically controlled re-
action norm.

As Figure 18.1 shows, breeding moves the average trait expression of a popula-
tion towards the aspired direction and improves the homogeneity and the ecova-
lence, which leads to the reduction of modifications depending on environmental
factors.
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18.2

Demands on MAP Cultivars

Breeding results in high-performance cultivars that are indispensable for the pro-
duction of high-quality products in a sustainable and profitable way. Breeding
aims differ depending on the position of the stakeholders in the production chain.
The stakeholders are seed companies, farmers, trade and industry, consumers,
and also the general public. Some typical breeding aims are:

• High and stable yields and an improved harvest index – an improvement of the
proportion of the utilized plant parts (e.g., leaves) in the total plant mass.

• Homogeneity of the herbal crude drug.

• A high content of desired compounds and an absence of harmful substances, in
compliance with the respective standards.

• Resistance to biotic stress (pests and diseases) and to abiotic stress (climatic
adaptation to the cultivation region, such as frost and drought resistance).

• High functional value and safety.

• MAP cultivars must be fit for technological processes in agriculture: rapid youth
development to suppress weeds, harvest machines require simultaneous matur-
ity, upright growth, no tendency to lodging, limited range of the flower horizon
(e.g., chamomile), no shatting tendency of the fruits for combining, closed cap-
sules (e.g., evening primrose), thick roots with limited ramification (e.g., valer-
ian roots).
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Fig. 18.1 The effects of plant breeding.



For technological processes in industry (suitable for processing procedures), there
is also a need to provide:

• low-input (low nutritional requirements), cost-saving and sustainable produc-
tion; and

• an effective protection of plant breeders’ rights (e.g., by hybrid varieties).

For example, bitter fennel (Foeniculum vulgare MILL. ssp. vulgare var. vulgare),
which is endemic in the Mediterranean region, ripens very late in autumn in cen-
tral Europe. Therefore, the farmers demand that the breeders adapt fennel to the
colder climate by breeding early ripening cultivars. In this respect, the growth
height should be limited to about 120 cm to provide better working conditions for
the combine harvester, and a low shatting tendency of the fruits is required to
avoid losses during the harvest period. Furthermore, new cultivars are needed with
resistance to the blight disease which is caused by Mycosphaerella anethi [1].

The industry needs small-shaped fruits for the machines which fill the tea bags.
According to the European Pharmacopoeia, the following constituents are re-
quired: essential oil content at least 4%, and concentrations in the essential oil of
at least 60% anethole and 15% fenchone. There is also a demand to reduce the con-
tent of estragole, which has recently been classified as harmful by the Scientific
Committee on Food of the Commission of the European Union. Thus, the estra-
gole content of new cultivars should be as low as possible [2, 3].

18.3

Specifics of MAP Breeding

The breeders of MAP cultivars are confronted with a number of special features.
For example, several disadvantages compared to the breeding of main agricultural
crops are that:

• only a few results of breeding research are available (e.g., on the genetics of cer-
tain traits and on breeding methods);

• MAP comprise a particularly large number of species;
• often the breeding aims differ on one and the same species, depending on the

field of use;
• the analyses of the important constituents are particularly costly;
• only limited capacities for breeding research and breeding are available for these

minor crops; and
• refinancing of the breeders’ expenses is insufficient due to the limited cultiva-

tion area and therewith to the small seed turnover.

However, there are also advantages: for example, the breeder can exploit high nat-
ural variability because the breeding of MAPs is only in its initial stage, so that ex-
cellent progress is achievable after only a few selection steps.

In view of these specifics, and to ensure an adequate cost-value ratio, breeders
must plan very carefully which crops, breeding aims and breeding methods are to
be chosen.
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18.4

Genetic Resources

Successful breeding implies the availability of genes coding for the desired charac-
teristics of aspired new varieties. Breeders start a breeding program by screening
the available germplasm collections for donor genotypes. Breeding progress is de-
pendent on the availability of genotypes with genes of the aspired characteristics –
the greater the diversity of natural populations, the greater is the probability to
identify a suitable donor-accession.

Gene banks, botanical gardens and other institutions collect, maintain and char-
acterize a wide diversity of different accessions of a great variety of species. The of-
ficial plant variety offices test cultivars with regard to distinctness, uniformity,
stability and value for cultivation and use, and the results of variety testing are con-
densed in variety lists. These are available on a national level for example in Ger-
many as descriptive variety lists [4]. The European Union Community Plant Varie-
ty Office in Angers, France, provides information on variety characteristics on ap-
plication. The International Plant Genetic Resources Institute (IPGRI) with its
domicile in Maccarese (Fiumicino), Italy and 22 offices worldwide advances the
conservation and use of genetic diversity. A survey of databases of germplasm col-
lections (mostly searchable on-line) is provided by the IPGRI web sites.

The breeder can use the gene bank passport data of individual accessions [5], or
the publications of official plant variety offices for the selection of genotypes which
are to be included in the projected screen.

18.5

Breeding Methods

Genetic diversity of the initial population is the most important prerequisite of suc-
cessful breeding. Initially, the breeder exploits the available natural diversity, but if
this is exhausted then new diversity must be created. Once a population with an ap-
propriate variability is available, the breeder begins to select genotypes with the as-
pired trait expression. Effective selection techniques contribute decisively to the ef-
ficacy of the breeding procedures.

Today, classical methods predominate among MAP breeding due to the special
aforementioned biological and economical conditions. These methods are com-
paratively inexpensive in comparison to biotechnological approaches.

18.5.1

Utilization of Available Natural Diversity

Due to the available high infraspecific genetic variability of most MAP species, the
breeder achieves good breeding progress by simple selection of populations with
an improved performance. The sources of natural variability include:
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• accessions collected in the wild;
• accessions from germplasm collections (e.g., from gene banks and botanical gar-

dens);
• old primitive cultivars and landraces; and
• contemporarily used cultivars.

The introduction of a high-performance population selected among a great collec-
tion of different accessions can already provide enormous progress in the adapta-
tion of a MAP species to the demands, even without additional time-consuming
and expensive breeding procedures.

As an example, the results of an evaluation of the essential oil content of several
thyme accessions, in comparison to the currently cultivated standard variety
“Deutscher Winter” represented by accession no. 1 are illustrated in Figure 18.2.
The essential oil content of the best accession no. 18 exceeded the essential oil con-
tent of the standard cultivar by 62%. Cultivation of this high-performance popula-
tion instead of the standard variety already provides the facility to produce thyme
with a significantly improved essential oil content, without any further breeding
efforts.

42118.5 Breeding Methods

Fig. 18.2 Essential oil content of different thyme accessions.

18.5.2

Generation of New Variability

New variability must be created if the available genetic variability has been exhaust-
ed and the initial material does not provide the desired trait expression. New genes
or gene complexes must be introduced into the population. Some common meth-
ods for which are described in the following sections.



18.5.2.1 Combination Breeding by Crossing
The aim of crossing is to combine the trait expressions of the parents (donors of cer-
tain characteristics) in common progenies. The pollen of the father parent is trans-
ferred to the stigma of an emasculated flower of the maternal parent, and the pol-
linated flower must be kept isolated (e.g., in a paper bag) during the period of stig-
ma fertility. Elite plants with the aspired trait combination are selected in the fol-
lowing segregating generations and bred to constancy by repeated selection steps.
This method is most often used in MAP breeding to create new variability [6].

Recurrent back-crossing is used to transfer one trait of variety A to another variety
B. The genome of parent B is transferred to the hybrids by several cycles of fertil-
ization of the hybrids by the pollen of parent B. Only such hybrids among the hy-
brid progenies are used for a new back-cross cycle which exhibit the trait to be
transferred. The genome of variety A, except the genes coding for the new trait, will
be replaced by the genome of variety B by repeated cycles of back-crossing

Bitter fennel genotypes (Foeniculum vulgare MILL. ssp. vulgare var. vulgare) guar-
antee the aspired chemical composition, but their growth is tall and they are late-
maturing. In contrast, the sweet fennel genotype (F. vulgare MILL. ssp. vulgare var.
dulce) has an unsatisfying essential oil content and composition, but it is very ear-
ly-maturing and the growth height is low (Fig. 18.3). An attempt was made to com-
bine the desired early maturity and the low growth height of sweet fennel with the
chemical composition of bitter fennel by reciprocal crossing.

The boxplots in Figure 18.4 show the essential oil content of the different gener-
ations. The generations are: The parents bitter and sweet fennel; the selection
population (F2); and the half-sib families of elite plants selected in the selection
populations. The basic requirement of PhEur is marked by the broken line.

The essential oil content of the bitter fennel parents was in the range of 6 to 11%,
and the oil content of the sweet fennel parent about 2%. The essential oil content
of the hybrids was prevalently inherited with a tendency towards low values. The
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oil content of the elite plant families could be improved by selection, two of three
elite plant families met the PhEur basic requirement of 4%.

Possibilities of combination breeding are limited when there is a high genetic cor-
relation between aspired and undesired trait expressions. The reasons may be pleio-
tropy (one and the same gene is responsible for both traits), or the small distance of
two genes coding for one aspired and for one undesired trait on one chromosome.
In this case, the probability of the allocation of both genes to different chromatids
by the formation of chiasmata and crossing over during meiosis is very low.

18.5.2.2 Hybrid Breeding
Hybrid breeding is increasingly used for MAPs due to the following advantages:

• high performance by hybrid vigor;
• uniformity; and
• natural protection of plant breeders’ rights because unlicensed seed propagation

results in worthless segregating populations.

For hybrid breeding of outbreeding MAPs, lines with genic-cytoplasmatic pollen
sterility should preferably be used to guarantee controlled pollination and to save
the huge expenses of emasculation [6].

Additional expenses are necessary for the development and maintenance of at
least three different lines by inbreeding, selection, and combining ability tests: the
male sterile mother with her maintainer and a pollinator with high per se perfor-
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Fig. 18.4 Essential oil content of crossing progenies of sweet and bitter fennel.



mance and good combining ability (Fig. 18.5). Only when seeds or fruits are har-
vested should the pollinator have the ability to restore the fertility of the male ster-
ile mother line, because otherwise no seed set will occur. If the pollinator is not a
restorer, a certain amount of a restorer strain must be added to the seeds used for
sowing. The F1 of the mother and the pollinator lines is used as cultivar. Due to the
sophisticated seed production system, the seeds of hybrid cultivars are more ex-
pensive than those of population varieties.
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flowers of thyme.

Fig. 18.6 Genetic components of a hybrid variety.



The scheme of Figure 18.6 illustrates the three lines, needed as components for
a hybrid variety system for a herbal drug where the herb and not the seeds are the
harvested product. In this case, the pollinator must not have restorer ability. Ad-
vances in the development of hybrid cultivar systems have been reviewed [7].

18.5.2.3 Synthetic Cultivars
Whereas hybrid cultivars exploit the good combining ability of only two distinct
parent lines in the F1 generation, synthetic populations are based on several well-
combining parental lines. The seeds are produced not only from the F1 as in hybrid
cultivars but also from advanced generations [8]. In their potential performance –
if not always in their uniformity – synthetic varieties can be equivalent to hybrid va-
rieties.

Initially, high-performance and genetically diverse inbred lines or clones must
be developed. The combining ability test of the inbred lines can be performed by a
polycross: several plants of each inbred line are planted in the field in such a way
that every plant of each inbred line has the same chance to pollinate the other
plants. A polycross with annual caraway is illustrated in Figure 18.7.

Lines with the best general combining ability are selected; these constitute the
components of the synthetic variety, and are maintained by the breeder. For seed
production, the selected components with high combining ability are planted
again for mutual pollination in a polycross; this generation is called Syn0. The fol-
lowing panmicticly propagated generations have the designations Syn1, Syn2, Syn3,
etc. The heterozygosity and performance potential achieved in Syn1 can largely sur-
vive in the following generations, though the yield can also decrease after Syn2 un-
til an equilibrium is reached in the following generations. The synthetic variety can
be maintained by starting a new polycross with the parental components as Syn0 or
by maintenance selection in the population of an advanced generation (Syn4 …).
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Fig. 18.7 Polycross of annual caraway inbred lines.



18.5.2.4 Induced Mutation
Spontaneous mutations of the genome occur to a certain degree in all plants. The
frequency of such mutations is too low to generate the required level of new vari-
ability which is necessary for effective breeding. The spontaneous mutation rate
can be improved by the use, for example, of radiation or mutagenic chemicals.

The change of the genome by a mutant results in a different reaction norm of the
mutated plants compared to the non-mutated originals. Subsequent recombina-
tion of the mutants with existing genotypes results in additional new variability,
with the occurrence of genome mutations (changes of the number of chromosomes;
aneuploids, haploids, autopolyploids, alloployploids), chromosome mutation (whole
segments of chromosomes are changed), gene mutations (only individual genes are
changed), plastidome mutations, and plasmon mutations. In general, the search for
deviating phenotypes does not begin until the M2 generation.

For example, the polyploid peppermint (Mentha × piperita) variety “Multimen-
tha” resulted from a genome mutation by mutation breeding. Peppermint is a tri-
pelbastard from M. spicata × M. aquatica, while M. aquatica originates from M. lon-
gifolia ×M. rotundifolia. The fertility of the infertile allopolyploid (2n = 64) variety
“Mitcham” could be restored by doubling the chromosome set (2n = 128) by means
of colchicine treatment. This made possible new recombination of genes via sexu-
al reproduction. Almost 5000 progenies were screened for high yield, adequate
chemical composition and resistance against Puccinia menthae, and this selection
resulted in the high-performance cultivar “Multimentha”, which is infertile due to
a chromosome set of 2n = 96. Genetic stability is ensured because this variety can
be propagated only vegetatively.

Further examples of species with varieties originating from mutation breeding
include chamomile (“Zloty lan”, “Bodegold”), sweet marjoram (“Miraz”, “Tetra-
ta”), mullein (“Polyverb”) [4], coriander [9], and lavender [10].

18.5.2.5 Somaclonal Variation
Breeders can use also new genetic variability occurring in cell and tissue cultures
in vitro. The in-vitro culture stress coupled with processes of de- and redifferentia-
tion act as a mutagen. Selection can be performed on the cell level either in vitro or
on the level of fully functional plants regenerated from tissues or cells. The results
of somaclonal variation on MAPs have been reported by several groups [11–14].

18.5.2.6 Somatic Hybridization (Protoplast Fusion)
Plants can be separated into single cells and, after dissolution of the cell wall by
pectinase and cellulase, protoplast fusion is induced by polyethylene glycol in the
presence of calcium, or via electrofusion. The fused protoplasts can be regenerated
to functional plants. Somatic fusion allows the asexual addition of two heterozy-
gous genomes without any meiotic recombination. In this way, the breeder can
overcome sexual incompatibility when combining, for example, different species
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or genera. Successful protoplast fusion has been reported of Catharanthus
roseus/Vinca minor, Rauwolfia serpentina/Vinca minor, Rauwolfia serpentina/Catha-
rantus roseus [15], and Datura innoxia/Physalis minima [16].

18.5.2.7 Molecular Gene Transfer
The transfer of genetic information by somatic hybridization builds the transition
to molecular gene transfer. The creation of new variability in classical approaches
is the result of an accidental recombination. Genomes – or at least parts of ge-
nomes – are combined, wherein a desired trait is always accompanied by several
undesired characters, and consequently the predictability of the characteristics of
the resulting new generations is limited. However, the predictability is improved
when single genes can be identified and transferred from one genotype to another.
The following prerequisites must be met:

• the gene must be available as a fragment of DNA;
• this DNA should be clonable;
• the gene must be manageable in a transfer system;
• the DNA must be integrated into the cellular genome;
• the transformed cell must be regenerable into a functional plant; and
• the plant must be able to express the transferred trait.

Methods for gene transfer include microinjection, insertion via microprojectiles,
direct transfer, vector-mediated gene transfer, for example by the tumor inducing
(ti)-plasmid of Agrobacterium tumefaciens [17].

Gene transfer is followed by classical breeding procedures for the exclusion of
undesirable variations of the new transformed populations.

The development of gene farming technologies by using the biosynthesis of
interesting compounds in plants is under investigation. Much ongoing research
with MAPs is also concerned with clarification of the biosynthetic pathways of im-
portant secondary metabolites, the identification of related enzymes, the isolation
of encoding genes, and the establishment of protocols for gene transfer. Successes
have been reported on the production of secondary metabolites in genetically mod-
ified plants, including interferon in Nicotiana tabacum and vaccines in other spe-
cies [18]. However, these investigations are very expensive and until now very few
examples of the breeding of transgenic cultivars with economic importance have
been successful [19].

To date, the use of genetically modified plants to produce secondary metabolites
has not been implemented, mainly because achievable yields have not yet pro-
vided. An additional obstacle at present is the refusal of customers to purchase
genetically modified herbs in the most important MAP market, in Europe. In con-
trast, the production of pharmaceuticals – mostly peptides or proteins – via genet-
ically modified cells or microorganisms has been already been successfully intro-
duced. Indeed, the European Pharmacopoeia considers this development by the
monograph “Producta ab ADN recombinante”, PhEur [18].
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18.5.3

Selection

If a population with an appropriate natural or artificially generated variability is
available, the breeders begin the improvement of a population by selection. This
process accumulates the genes into a population which controls the aspired trait
expressions. The expression of most important traits is inherited from parents by
their progenies. Selection in wild populations or landraces is the most common
method of medicinal plant breeding, because most of the species are presently at
the stage of wild plants with high genetic variability. The introduction of only a few
selection steps can provide satisfactory results. Information on selection methods
can be obtained from breeding manuals [20, 21].

18.5.3.1 Positive and Negative Mass Selection
The simplest selection method is positive mass selection, whereby individuals
from a mixture of phenotypes corresponding to the breeding aim are selected and
propagated together. The best plants of an improved generation are jointly culti-
vated and their seeds can be used as cultivar (Fig. 18.8).

The breeding of dominantly inherited traits to constancy is difficult in this way
because the phenotype of homozygous and heterozygous plants is not distinguish-
able.

The converse principle is negative mass selection, whereby phenotypic unde-
sired types are removed and the residual plants propagated. Negative mass selec-
tion is mainly used to maintain established varieties.
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Fig. 18.8 Positive mass selection.



18.5.3.2 Recurrent Selection
Recurrent selection aims at increasing the frequency of favorable genes in the
population through repeated cycles of (i) selection and (ii) joint cultivation and
panmictic crossing of the best individuals. The selection response can be improved
by selfing the selected elite plants, testing their progenies, and selecting only the
elite plants of high-performance families for jointly cultivation and panmictic
crossing. The doubling of essential oil content of annual caraway by long-term
recurrent selection between 1986 and 2004 is shown graphically in Figure 18.9.
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Fig. 18.9 Improvement of the essential oil content of annual caraway
(Carum carvi var. annuum) by long-term recurrent selection.

18.5.3.3 Individual Selection with Progeny Testing
The nature of this selection method is to evaluate the selected plants by their pro-
genies rather than to evaluate them only by themselves. Whereas mass selection is
a selection of phenotypes, individual selection with progeny testing evaluates the
genotype. In self-fertilizing crops, the individual progenies of the selected elite
plants are tested, and low- performance families excluded from further breeding.
In cross-pollinated crops uncontrolled pollination takes place during testing of the
elite plants’ offspring. Therefore, overstored seeds of the mother plants must be
used for further breeding procedures instead of selected plants of the elite plants
progenies. The scheme of individual selection with progeny testing of outbreeders
is illustrated in Figure 18.10.



18.5.3.4 Breeding in Apomicts
Apomixis is asexual seed formation without fusion of two reduced gametes; it is
practically vegetative propagation whereby all the progenies have the same genetic
constitution as the mother plant. The use of apomixis has the following advan-
tages:

• no procedures towards true breeding are necessary;
• less expense for progeny testing of crossings is needed;
• hybrid effects (heterosis) can be fixed and therefore;
• the seed production of hybrid varieties needs less expense.

The main disadvantage is that combination breeding by crossing is complicated
because sexual lines must be developed previously.

The breeding scheme of apomictic species is shown in Figure 18.11. Sexual
mother plants are pollinated by apomicts, whereupon the progenies segregate into
sexuals and apomicts. Sexuals can be used for further back-crossings, while the
progenies with a high apomixis level and with the desired trait combination can be
used as cultivars because all progenies are true-breeding.

Investigations are currently under way to switch on and off the apomictic behav-
ior of plants by gene transfer [23, 24]. Apomixis can also be found in some MAPs,
for example in coriander (Coriandrum sativum) [25], basil (Ocimum basilicum) [26],
and chive (Allium schoenoprasum) [27].

Recently, experience was gained with the apomictic St. John’s wort (Hypericum
perforatum L.) [28, 29]; this is allotetraploid, combining the chromosome sets of
H. maculatum and H. attenuatum, and it is also partially allogamous. Pollen trans-
fer is carried out by insects, or by the wind. Partial self-incompatibility was ob-
served. St. John’s wort is in general a pseudogamous facultative apomict, but in
rare cases obligatory sexuals and pure apomicts also occur. The following shares of
the different reproductive types were determined in a St. John’s wort collection
with more than 120 accessions: 94.7% facultative apomicts/sexuals, 2.2% obligato-
ry apomicts, and 2.5% obligatory sexuals. The embryo sacs are in general unre-
duced, but the pollen is reduced. Fertilization of the polar nuclei by sperm cells is
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Fig. 18.10 Individual selection with progeny testing in outbreeders using overstored seeds [22].



necessary to initiate the apomictic seed formation, despite which the egg cell re-
mains unfertilized. This behavior is termed “pseudogamous”.

The breeding scheme (Fig. 18.11) shows that sexual genotypes are required for
combination breeding by crossing.

A rapid method to determine the type of reproduction is available for differenti-
ation of the reproductive types of St. John’s wort plants [30]. Variation of the DNA-
content of the cell nuclei (the so-called C-value) of the endosperm and embryo is
used as the key to classify the reproductive types.

The DNA-content of the embryo and the endosperm depends on the ploidy level
of the plant, on the incidence of meiotic reduction of the gametes, and on the oc-
currence of fertilization of the egg cell and the polar nuclei which develop the en-
dosperm. Apomictic individuals have an unreduced embryo sac. The C-values of
the embryo and polar nuclei are 2 and 4, respectively, but after fertilization of the
two polar nuclei, the embryo has a C-value of 2 and the endosperm of 5.

The C-values of the isolated cell nuclei of St. John’s wort seeds can be measured
using flow cytometry, with data expressed as histograms (Fig. 18.12). With DNA-
content plotted on the abscissa and numbers of cell nuclei on the ordinate, a high
peak represents the embryo, which contains many more cell nuclei than the endo-
sperm.
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Fig. 18.11 A simplified breeding scheme with recurrent hybridization
in Hypericum perforatum L. [28]. FCSS, flow cytometric seed screening.



18.5.3.5 Clonal Breeding
Clonal breeding has a particularly high importance for MAPs because this method
shortens the breeding procedure considerably. Clone varieties are vegetatively
propagated due to sterility of the species (e.g., Mentha × piperita L.), or to ensure
consistency of progenies of fertile allogamous species. This method shortens the
breeding procedures because the time-consuming procedures for breeding on con-
sistency can be omitted. High-performance individual plants are reproduced iden-
tically by different vegetative propagation methods, for example, by grafting (fruit
trees), partition of balled plants, stolons, runners, rooting of cuttings, and cell and
tissue culture. Due to the high costs of vegetative propagation (which is mostly car-
ried out by micropropagation in vitro), clonal breeding is appropriate only for high-
priced MAPs such as Baptisia tinctoria (L.) R. Br [31].

Clonal breeding incorporates the following steps:
• generation of variability by crossing;
• selection of elite plants among the crossing progenies;
• vegetative propagation of elite plants;
• comparison of the performance of the elite plants clones; and
• the best clones are used as vegetatively propagated new variety.

Daniel and Bomme [32] reported on the establishment of clones for a synthetic va-
riety of Arnica montana by propagation of high-performance individual plants in vi-
tro which were used as genetic components in a polycross experiment. Delpit et al.
[33] produced high-performance clones of Thymus vulgaris.

Pattnaik and Debata [34] generated artificial seeds of Cymbopogon martinii from
cell cultures, Lata et al. [35] of Echinacea angustifolia, and Mandal et al. [36] of basil
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Fig. 18.12 Histograms from cell nuclei of
bulked seed samples from diploid and
tetraploid seed parents obtained with a
Partec-Ploidy analyzer. (a) The 2C embryo +
3C endosperm peaks represent the sexual
mode of reproduction. (b) The 4C embryo +

10C endosperm peaks represent the obligate
apomictic mode of reproduction. (c) The 4C
embryo + 6C and 10C endosperm peaks
represent the facultatively apomictic sexual
mode of reproduction [28].



species. Protocols for micropropagation of many medicinal plant species have
been published, including those for Andrographis paniculata [37], Gentiana sp. [38],
Hypericum perforatum [39], Ocimum basilicum [40], Origanum vulgare [41], Salvia sp.
[42,43], Thymus piperella [44], and Valeriana officinalis [45].

18.6

Improvement of Selection Response by Specific Techniques

The aim of selection is to achieve a high selection response but with minimal ex-
pense of both time and money. Breeding a new cultivar with classical methods re-
quires a period of 10–15 years from the first crossing up to cultivar registration.
Thus, all possibilities should be investigated and used to shorten this period by im-
proving the selection response. The formula R = i×h2 ×ó shows the factors affect-
ing the selection response (R). The numbers of individual plants in the initial
populations should be as high as possible in order to improve the selection inten-
sity (i). The heritability (h2) can be improved for example by an appropriate preci-
sion of the measurements of characteristics. High precision prevents the uninten-
tional selection of low-performance individuals. Selection works only when the
selection population has an appropriate variability (ó).

Furthermore, the selection response depends on:
• The stage of plant development at trait evaluation and selection: before flowering,

only valuable plants participate in pollination; after flowering, the participation of
low-performance plants in pollination can be avoided only by overstoring seeds.

• The degree of the modifying influence of the environment.
• Self-incompatibility under forced self-pollination.
• Inbreeding depression.
• The type of genetic control of the trait (e.g., recessive or dominant, monogenic or

quantitative).
• The mating system (outbreeding or self-fertilizing crops) (see Table 18.1).
• The generative or vegetative propagation of the species.

18.6.1

Accelerating the Succession of Generations

The succession of generations is limited by the natural rhythm of plant develop-
ment and by climatic conditions. Selection cycles can be speeded up, and therewith
the selection intensity can be improved by breaking through these barriers. For ex-
ample, Pank and Schwarz [79] succeeded in cultivating an additional generation of
annual caraway (Carum carvi var. annuum hort.) during winter in the greenhouse.

Some species require periods of low temperatures for transition to the genera-
tive phase. Vernalization simulates such growing periods by exposing the plants to
low temperatures, and Novak et al. [80] managed the flower induction of sage
(Salvia officinalis) and Mewes [81] of thyme (Thymus vulgaris) by vernalization.

43318.6 Improvement of Selection Response by Specific Techniques
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Flower formation of some species depends on Nature and the duration of illumi-
nation; for example, Zoberi et al. [82] induced flower formation of Achillea sp. by
using special illumination. Other species reveal typical photoperiodic reactions;
among MAP long-day plants are ribwort (Plantago lanceolata),white mustard
(Sinapis alba) and foxglove (Digitalis purpurea) [83], while short-day plants include
mugwort (Artemisia annua) [84] and cannabis (Cannabis sativa) [83]. No photoperi-
odism is shown by dandelion (Taraxacum officinale), buckwheat (Fagopyrum escu-
lentum), and parsnip (Pastinaca sativa) [83].

18.6.2

Early Selection

Selection intensity can be improved also by early selection, with low-performance
individuals being eliminated at the start of the cultivation period. In this way,
much future cultivation expense can be saved and a greater number of plants can
be included in the selection procedures with the available capacity. Early selection
is practicable on the level of young plants, calli, or cell suspensions.

The early selection of evening primrose (Oenothera lamarckiana) according to
Ulrich and Pank [85], is shown in Figure 18.13. One cotyledon of a seedling is
detached under a microscope and used as sample for the analysis of the gamma-
linolenic acid (GLA). Elite plants with a particularly high GLA content can be re-
generated from the rest of the seedling, and the plant can be used for further breed-
ing procedures.
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Fig. 18.13 Early selection in evening primrose. GLA, gamma-linolenic acid.



For resistance breeding, pathogens can be cultivated together with their hosts in
vitro in callus- or cell-suspension cultures. The surviving plant regenerants show a
high rate of pathogen resistance and can be used for further breeding procedures
[86].

18.6.3

Doubled Haploids

New varieties must be homogeneous. Breeding for homozygosity is particularly
time-consuming for traits with a dominant inheritance, because their genetic con-
stitution cannot be phenotypically recognized. The use of haploids speeds up this
process.

Anthers or microspores are used for the production of haploid plants. Homozy-
gous plants can be established after spontaneous polyploidization during the in-vi-
tro culture steps or after the colchicine-induced doubling of the chromosomes.
Haploids are completely sterile, smaller than diploids, and slowly growing. During
regeneration, their genome can be doubled by colchicine treatment (0.5%) sup-
plied via the roots or by cotton wool plugs placed after axillary buds are excised.
This doubling procedure results in completely homozygous fertile plants.

Schulte [87] succeeded in regenerating haploid plants from the anthers of Hype-
ricum ssp. Further examples of doubled haploids generation are presented for
Allium cepa [88], Datura innoxia [89], Digitalis lanata [90], Hyoscyamus niger [91],
and several other MAPs [92].

18.6.4

Determination of Characteristics

18.6.4.1 Markers
The use of markers represents a valuable means of improving the selection effi-
ciency, mainly because they allow greater numbers of plants to be evaluated. The
principle of markers is as follows: traits, the expression of which can be measured
directly only at high expense, can be evaluated more easily indirectly by means of a
strongly correlated marker. These can be used for indirect selection by exploiting
the association between the marker and the trait. Pleiotropy may be the reason of a
close linkage between different traits where a single gene is responsible for a num-
ber of different phenotypic effects. Environmentally conditioned correlations (e.g.,
dependence of yield on duration of growth period) are useless for breeding purpos-
es. Several different types of marker are available: Pank et al. [93] delineated mor-
phological and physiological markers of Origanum majorana for yield estimation of
individual plants, while Orth et al. [94] used chemical markers to differentiate
Achillea species.

Wagner et al. [95] distinguished Chamomilla recutita genotypes by using mo-
lecular markers; these may be associated with certain characters and can therefore
be used for indirect selection. Unlike other markers, molecular markers are inde-
pendent of environmental and morphogenetic influences, and can be investigated
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during the very early stages of the plant. The most commonly used molecular
markers include:

• isoenzymes [96];
• RFLP (restriction fragment length polymorphism) markers [97];
• RAPD (random amplified polymorphic DNA) using the polymerase chain reac-

tion (PCR-technique) [98]; and
• AFLP (amplified fragment length polymorphism) [99].

The banding profiles of electrophoregrams of the DNA-analyses are subsequently
evaluated.

The electrophoregram of the RAPD analysis of DNA fragments of the sweet
marjoram population MAJ11/92 [100] is shown in Figure 18.14. The individual
plants can clearly be distinguished by the pattern of the banding profile of the
DNA-fragments.
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Fig. 18.14 Electrophoregram of random
amplified polymorphic DNA (RAPD) analysis
of nine individual sweet marjoram plants
[100]. The individual plants can clearly be
distinguished by the pattern of the banding

profile of the DNA-fragments. Examples of
different banding profiles originating from
plant no. 2 and plant no. 3 (using the primer
OPA 03) are marked by the two arrows. M,
molecular weight markers.

18.6.4.2 Rapid Analytical Methods
One of the most important breeding aims is to improve the content of the essential
constituents, but the high expense involved for chemical analysis is often a limit-
ing factor. Thus, the development of special analytical methods for MAP breeding
is an indispensable prerequisite to provide a sufficient selection intensity by ana-
lyzing an appropriate number of individual plants. Analytical methods must meet
the following demands:



• Time- and cost-saving to allow the evaluation of as many individual plants as
possible.

• Non-destructive, in order to keep the investigated plant material alive for subse-
quent breeding procedures.

• Small sample quantities because single plants, or parts of them, are to be evalu-
ated.

• Direct analysis without preceding sample preparation is preferred.
• The precision of the method must be reliable.

Much expense can be saved considering the fact that the accuracy must not comply
with the high level of standard methods. For example, rapid and non-destructive
near-infrared spectroscopy (NIRS) [101] and solid-phase microextraction (SPME)
[102] have proved to be very effective in MAP breeding.

Other prospective methods to evaluate individual plants in selection procedures
include computer-aided image analysis, direct and indirect quality assessment by
color measurement, and tests with chemicals of high specific reactivity.

The aim of investigating plant samples is to determine genetic variation. In this re-
spect, sampling must consider ontogenetic variation (dependence on the develop-
mental stage of the plant, e.g., during fruit ripening), morphogenetic variation (de-
pendence on the part of the plant, e.g., stems or leaves), and ecological variation (de-
pendence on environmental conditions, e.g., soil, water and nutrient supply, light,
temperature). In order to determine genetic variation, it is absolutely vital that all of
the above-mentioned sources of variation at the time of sampling be kept constant.

NIRS
NIRS has been proven effective in the evaluation of many important constituents
in a wide variety of MAPs [103]. For NIRS, the samples are placed in a cuvette and
exposed to a tungsten light source. After calibration, the content of a substance
under test is calculated from the reflected infrared spectrum. NIRS meets the plant
breeders’ demands because it is non-destructive, highly productive, and reliable,
though calibration by reference methods must be repeated at least annually.

An analysis of the fatty oil content of evening primrose seeds is shown in Figure
18.15, with data from the reference method and NIRS being strongly correlated.
Moreover, the seeds are not damaged by the analysis and can be used for further
breeding procedures.

SPME
In SPME [105], the volatile compounds that evaporate from the plant material are
adsorbed by a small fiber needle, which is then heated in the headspace of a gas
chromatograph and the evaporated substances are analyzed. As in NIRS, only min-
imal amounts of material are needed for the analysis.

ELISA
Langer et al. [106] succeeded in measuring pyrrolicidine alkaloids in Petasites with
a detection limit of 0.5 ppm by using an enzyme-linked immunosorbent assay
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(ELISA) which is generally used to evaluate the resistance of plants to diseases (see
Section 18.6.4.4). This detection limit was adequate as it corresponded with the
maximum acceptable threshold value.

18.6.4.3 Spectrophotometric Color Measurement
Color is not only an important quality trait of herbal drugs but is also genetically
controlled and can, therefore, be changed by breeding. Spectrophotometric meas-
urements facilitate the objective assessment of color as an alternative to a more
subjective visual evaluation. Measurements using the CIELAB system [107] proved
to be excellent for this purpose: the spectral analysis fractionates the light into the
following coordinates: a* from green to red, b* from blue to yellow, and L* from
black to white. Spectrophotometric measurements meet the plant breeder’s de-
mand for rapid and non-destructive methods. Pank et al. [108] investigated the fea-
sibility of spectrophotometric color assessment of sweet marjoram using the CM-
508 spectrophotometer (Minolta, Germany). The processing industry requires the
marjoram drug to be of a light-green color; comparative monitoring of the leaves of
878 marjoram plants by spectrophotometric and visual assessment showed the for-
mer system capable of determining color differences that deviated from basic re-
quirements.
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Fig. 18.15 Determination of fatty oil content of evening primrose seeds using NIRS [104].



18.6.4.4 Breeding for Resistance to Pests and Diseases
MAPs are attacked by pests and diseases, and this results in yield losses and reduc-
tions in quality. Hence, the breeding of resistant varieties has become an impor-
tant goal in attempting to avoid, as far as possible, the need for plant protection
products and spray applications. These are not only costly but also potentially en-
danger both the consumers of the plants and the environment. A survey of some
important MAP diseases and pests is provided in Table 18.2.

Effective methods to test resistance against pests and diseases are an indispens-
able prerequisite for effective resistance breeding. The first step of a resistance test
is infection of the plants; the second step is to assess the susceptibility of the inten-
sity of infestation.

Artificial infection can be carried out using different methods. An example is to
alternate the field cultivation of a highly susceptible spreader with populations for
which the susceptibility is to be tested. Alternatively, plants may be infected with
suspensions of spores or conidia on the experimental field, in the greenhouse, or
in the laboratory by carry-over of virus diseases by vector insects. Examples of in-
fection methods have been described for Colletotrichum on St. John’s wort by
Scholze et al. [109], for Cercospora in fennel by Shul’ga and Zhurbenko [110], for
Helminthosporium in poppy by Martynovskaya [111], and for parsley virus Y on dill
by Kusterer et al. [112].
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Table 18.2 Examples of important pests and diseases of medicinal and aromatic plants.

Damaging organism Host plant Group

Erwinia, Pseudomonas sp. Umbelliferous species Bacteria
Alternaria sp. Several species Fungus
Botrytis cinerea Digitalis lanata Fungus
Colletotrichum cf. gloeosporioides Hypericum perforatum Fungus
Erysiphe, Peronospora, Plasmopara sp. Several species Fungus
Helminthosporium papaveris Papaver somniferum Fungus
Mycocentrospora acerina Carum carvi Fungus
Mycosphaerella anethi Foeniculum vulgare Fungus
Phoma exigua Valeriana officinalis Fungus
Phomopsis diachenii Carum carvi var. annuum Fungus
Puccinia sp. Several species Fungus
Rhizoctonia, Fusarium, Pythium, Olpidium Several species during emergence Fungus
Septoria sp. Several species Fungus
Aphids Several species Insect
Depressaria nervosa Carum carvi Insect
Eupteryx atropunctata Several species Insect
Lygus sp. Umbelliferous species Insect
Olibrus aenes Chamomilla recutita Insect
Psila rosae Roots of umbelliferous species Insect
Acerina carvi Carum carvi Mite
Viruses Several species Virus



In order to produce spore or conidia suspensions, the pathogenic fungus is iso-
lated from infested plants and cultivated on a suitable nutritional medium (e.g., po-
tato dextrose agar). The spores or conidia are scraped off, cleaned by filtration, and
the aspired spore density of the suspension is adjusted using a hemocytometer
under the microscope. For infection, the suspension is sprayed onto the plants.
These procedures are described by Scholz et al. [109] for testing St. John’s wort for
resistance to the St. John’s wort wilt (Colletotrichum cf. gloeosporioides).

The simplest method to evaluate the level of infestation of plants is a visual assign-
ment of scores classified according to the infestation level. This method is not valid
to detect hidden infestations of plants which do not result in visible lesions. These
hidden infestations (e.g., by viruses) can be detected using ELISA. The viruses are
detected serologically in the pressed juices of the plants under examination, and
then injected into warm-blooded animals. The viral protein coat acts as an antigen
and induces the formation of antiserum, which can later be separated from the
blood. The antiserum produced by the animal will react in vitro specifically with the
viral protein of the viruses in the plant juice. The serological reaction is refined by
linking it to an enzymatic color reaction via the ELISA.

Bellardi et al. [113] tested the occurrence of alfalfa mosaic virus (AlMV) in sever-
al MAPs using an ELISA. The procedure is also applicable for testing infestations
by fungi. Taubenrauch et al. [1] described an ELISA for testing the resistance of
fennel to Mycosphaerella anethi.

Computer-aided image analysis greatly facilitates the objective assessment of
trait expressions of plants. Examples include the estimation of essential oil content
of sweet marjoram leaves by Novak [114], the 1000 seed weight determination of
fennel [115], and genotype differentiation of sweet marjoram by leaf morphometry
[64]. These methods are in particular valid for assessing the infestation of plants by
pests and diseases that result in visually observable lesions of the plant tissues. A
digital camera is used to photograph the infested plant material, and the image
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Fig. 18.16 Disease progress curve (% infested leaf area) of different
fennel varieties infested by Mycosphaerella anethi. Measurements
made by computer-aided image analysis [1].



analyzed using appropriate software. The software records the differing color pro-
files of infested and healthy regions, and the infestation level is calculated from
proportions of the infested area and the total area. Taubenrauch et al. [1] used the
image analysis software “Bafix” (GTA-Sensorik) to estimate infestation levels of
fennel leaves by Mycosphaerella anethi during the vegetation period. The results of
weekly measurements in three to five leaves of each variety are shown in Figure
18.16.

When individual resistant plants are selected, their progenies must be tested
repeatedly to confirm the results of the first test with artificial infection and to
breed them to constancy. Multiple back-crosses of disease-resistant lines with
established varieties accelerate the new combination of valuable characteristics of
a standard variety with disease resistance.

18.6.4.5 Bioassay
The therapeutic value of genotypes cannot be evaluated by chemical analysis when
the responsible active substances of herbal remedies are not known, or the correla-
tion between the content of important constituents and the therapeutic effects is
unsatisfactory. In this case, the selection of valuable individuals can be carried out
using in-vitro bioassays which simulate the conditions in vivo [116]. Examples of bi-
oassays for testing pharmacological effects of MAP have been described [117–119].

18.7

Outlook

Today, breeding has become a key factor in the improvement of MAPs, mainly be-
cause the cultivars can be adapted to the particular demands of the stakeholders in
the production chain, and can also contribute in such a way to high-quality, profit-
able, and sustainable production. Exploitation of the genetic potential of MAPs is
only the beginning of the story, however. The breeding of MAPs must match the
development of high-performance cultivars that have already been developed
among the major agricultural and horticultural crops. In order to achieve this task
effectively, complex approaches will be required in cooperation with experts from
different scientific disciplines, including genetics, cytology, molecular genetics,
agronomy, botany, and phytpathology.

Evidence of the increasing importance of MAP breeding is demonstrated by the
growing number of registered cultivars in Germany during the past decade, from
only 10 in 1990 to 66 in 2004 (Fig. 18.17).

Some focal points for future breeding and breeding research on MAPs include:
• preservation and utilization of the genetic resources;
• clarification of the heritability of desired traits;
• development of hybrid variety systems with natural plant breeders’ rights protec-

tion;
• utilization of the advantages of biotechnological tools;
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• the generation of lines as donors for important traits and initial material for the
breeding procedure; and

• the development of time- and cost-saving methods for quality trait determina-
tion.
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Camptothecin Production in Cell Cultures of Ophiorrhiza 
Species

Takashi Asano, Hiroshi Sudo, Mami Yamazaki, and Kazuki Saito

19.1

Introduction

Camptothecin [1] is well-known monoterpenoid indole alkaloid, originally identi-
fied in the extracts of Camptotheca acuminata during a screening for antitumor
agents by the National Cancer Institute (NCI) in the United States [1]. The interest
in camptothecin was stimulated by the characterization of its specific inhibitory ac-
tivity to DNA topoisomerase I [2, 3]. Although camptothecin itself cannot be used
clinically due to severe cytotoxicity, semi-synthetic water-soluble camptothecin de-
rivatives, topotecan (2) and irinotecan (3), are currently used for the treatment
against cancers of lung, cervix, ovaries [4], colon [5], and other organs [6] (Fig. 19.1).
The worldwide market of clinically used camptothecin derivatives has currently
reached US$ one billion per year, which represents approximately one ton of
camptothecin in terms of raw materials. It has already reported that camptothecin
is produced in some species such as Ervatamia heyneana (Apocynaceae) [7], Notha-
podytes foetida [8], Merrilliodendron megacarpum (Icacinaceae) [9] and Ophiorrhiza
mungos (Rubiaceae) [10]. In the study of the genus Ophiorrhiza species, camptothe-
cin was also accumulated in some Ophiorrhiza species distributed in Japan [11, 12].

The genus Ophiorrhiza widely distributes about 150 species around tropical and
subtropical Asia [13], and many of these species produce indole alkaloids [14, 15].
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Fig. 19.1 Clinically used camptothecin derivatives, topotecan, and irinotecan.
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With regard to the chemical constituents of Ophiorrhiza species distributed in Ja-
pan, O. pumila accumulated camptothecin and its related alkaloids [11, 16], while
O. japonica accumulated â-carboline-type alkaloids, such as lyalosidic acid and har-
man [17, 18]. By comparison, O. liukiuensis [19] and O. kuroiwai [20], which was
shown to be an interspecies hybrid of O. pumila and O. liukiuensis (H. Sudo et al.,
in preparation), accumulated both camptothecin-related alkaloids and â-carboline-
type alkaloids (M. Kitajima et al., unpublished results) (Fig. 19.2). Therefore, these
Ophiorrhiza species are important as the resources producing various alkaloids, in-
cluding camptothecin.

In this chapter, we describe the production of camptothecin-related alkaloids by
tissue cultures of these Ophiorrhiza species, and the elucidation of the mechanism
of camptothecin biosynthesis using hairy root cultures.
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Fig. 19.2 The genus Ophiorrhiza species distributed in Japan. 
Note: A color version of this figure is available in the color plate section.

19.2

Tissue Cultures

19.2.1

Establishment of Tissue Cultures

In tissue culture, the productivities and patterns of secondary metabolites depend
on morphology and culture conditions. Aseptic plants and hairy roots of Ophior-
rhiza species were established as one method of effectively producing camp-
tothecin.



19.2.1.1 Aseptic Plants
Aseptic plants of three types of camptothecin-producing Ophiorrhiza species,
O. pumila, O. liukiuensis and O. kuroiwai, were established according to the follow-
ing protocols. Established aseptic plants were maintained at 25 °C with a photope-
riod of 18 h light (2000 lux)/6 h dark, and subcultured every three months by trans-
ferring the shoots on half-strength Murashige and Skoog [21] (MS) medium con-
taining 1% sucrose and 0.2% gellan gum in a test tube [22] (Fig. 19.3A).

O. pumila: The plants of O. pumila were collected in Amamiohshima Island,
Kagoshima, Japan and grown in a greenhouse. Callus cultures originally derived
from the leaf segment were maintained on MS medium containing 2% sucrose
and 0.7% agar supplemented with 1 mg L–1 indole 3-acetic acid in the light
(750 lux) for four weeks and then transferred on MS medium containing 2% su-
crose and 0.7% agar supplemented with 1 mg L–1 kinetin to regenerate the plant.
After the first four weeks, the color of the calli changed from light yellow to brown.
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Fig. 19.3 Established tissue cultures of
Ophiorrhiza liukiuensis, O. kuroiwai, and 
O. pumila. (A) Aseptic plants cultured for five
weeks on half-strength MS medium
containing 1% sucrose and 0.2% gellan gum

in test tubes. (B) Hairy roots cultured for four
weeks in B5 liquid medium containing 2%
sucrose. (Reproduced from [22], with
permission.) Note: A color version of this
figure is available in the color plate section.



After 10 weeks, the differentiation of callus into green leaf buds was observed, and
excised regenerated plants were transferred on half-strength MS medium contain-
ing 1% sucrose and 0.2% gellan gum in a test tube [23].

O. liukiuensis: The seeds of O. liukiuensis were collected in Ishigaki Island, Okina-
wa, Japan. The seeds were sterilized and germinated on half-strength MS medium
containing 1% sucrose and 0.2% gellan gum in a test tube [22].

O. kuroiwai: The plants of O. kuroiwai were collected in Iriomote Island, Okinawa,
Japan and grown in a greenhouse. The young leaves were sterilized with 1% sodi-
um hypochlorite solution and cultured on half-strength MS medium containing
1% sucrose, 0.2% gellan gum, 0.5 µM 1-naphthalene acetic acid and 5 µM kinetin.
After 40 days, regenerated shoots were excised and transferred on half-strength
MS medium containing 1% sucrose and 0.2% gellan gum in a test tube [22].

19.2.1.2 Hairy Roots
For induction of hairy roots, the aseptic plants of three types of Ophiorrhiza spe-
cies, O. pumila, O. liukiuensis and O. kuroiwai, were infected with Agrobacterium
rhizogenes 15834 by scratching the stems [24]. After several weeks, the hairy roots
which emerged from stem fragments were excised and cultured on B5 [25] medi-
um containing 2% sucrose and 0.2% gellan gum supplemented with 200 mg L–1

cefotaxime (Claforan®) at 25 °C under dark conditions. After the several subcul-
tures, over 40 lines for O. pumila, 11 lines for O. liukiuensis and seven lines for
O. kuroiwai survived and grew rapidly. The established hairy root cultures were
subcultured every three to four weeks in B5 liquid medium containing 2% sucrose
at 25 °C on a rotary shaker (80 rpm) under dark conditions [22, 26] (Fig. 19.3B).

19.2.2

Camptothecin Production and Metabolite Profiles

The camptothecin contents in shoots and roots of five-week-old aseptic plants of
O. liukiuensis, O. kuroiwai and O. pumila were analyzed [22]. Although the camp-
tothecin production per tissue weight was highest in roots of O. pumila, the pro-
duction per tube was highest in O. kuroiwai because of a higher growth rate than
the other two species. The concentrations and total amounts of camptothecin in
O. liukiuensis were lower than those of O. kuroiwai and O. pumila.

Camptothecin was accumulated to higher levels in hairy root lines of O. pumila
than in those of O. liukiuensis and O. kuroiwai (Table 19.1). The camptothecin ac-
cumulation and increased growth rate of O. pumila hairy root [24, 26] are the best
results in reports of camptothecin production by in-vitro tissue cultures [27–33].

The patterns of secondary metabolites in the aseptic plants and hairy roots of
Ophiorrhiza species were profiled by HPLC/DAD/ESI/MS [22] (Figs. 19.4 and
19.5). The metabolite patterns of O. liukiuensis and O. kuroiwai were very similar
both in shoots and roots. For example, 10-methoxycamptothecin (5) was detected
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Table 19.1 Hairy roots induced from Ophiorrhiza species.

Plant species No. of established Camptothecin contenta

lines [µg g–1 dry weight]

O. liukiuensis 11 83.0±27.4
O. kuroiwai 7 219.3±31.4
O. pumila 19b 788.5±49.7

a Hairy roots cultured in B5 liquid medium for three weeks. Values are mean ±SD.
b 19 hairy root lines were randomly selected from over 40 lines.

Fig. 19.4 Chemical structures of secondary metabolites detected in
tissue cultures of Ophiorrhiza species.
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in the roots of O. liukiuensis and O. kuroiwai, but not in O. pumila. Lyalosidic acid
(6) was accumulated in the shoots of O. liukiuensis and O. kuroiwai, but not in
O. pumila. 3(S)- and 3(R )-Deoxypumilosides (9, 10) were only detected in O. pumi-
la. Camptothecin (1), 9-methoxycamptothecin (4), strictosamide (7), pumiloside
(8), strictosidinic acid (11) and 3-O-caffeoylquinic acid (13) were detected in all
three species. The metabolite patterns of the hairy roots (Fig. 19.5G–I) were not
identical to those of aseptic plants. In addition to camptothecin-related alkaloids,
several unidentified anthraquinones speculated from their UV spectra were
present in hairy roots.

19.2.3

Excretion of Camptothecin into the Culture Medium

Excretion of Camptothecin from the hairy roots of Ophiorrhiza species into the
culture medium was confirmed by HPLC analysis [22, 24]. Camptothecin accumu-
lation in the medium of O. pumila hairy root cultures could also be increased by
culturing with a polystyrene resin (Diaion HP-20), onto which camptothecin was
adsorbed (Fig. 19.6). The amount of camptothecin excreted into the medium in-
creased fivefold by culturing with Diaion HP-20, but total camptothecin produc-
tion in hairy root cultures was little enhanced by the presence of the resin. Camp-
tothecin adsorbed by Diaion HP-20 was easily recovered by eluting the resin with
methanol to provide a fairly pure product [24].

19.2.4

Camptothecin Production in Bioreactors

Camptothecin production by tissue culture has been attempted with dedifferentiat-
ed cell cultures, mainly from C. acuminata [28, 29] and N. foetida [30,31], but com-
mercial-scale production was not successful. As mentioned earlier, O. pumila hairy
roots produce a good yield of camptothecin, which is excreted into the culture me-
dium. In an attempt to produce large quantities of camptothecin, the hairy root cul-
ture system was scaled-up by using a 3-L bioreactor [37].
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Fig. 19.5 HPLC chromatograms of extracts of
plant cultures. 
(A) O. liukiuensis sterile plant shoots. 
(B) O. kuroiwai sterile plant shoots. 
(C) O. pumila sterile plant shoots. 
(D) O. liukiuensis sterile plant roots. 
(E) O. kuroiwai sterile plant roots. 
(F) O. pumila sterile plant roots. 
(G) O. liukiuensis hairy roots. 
(H) O. kuroiwai hairy roots. 
(I) O. pumila hairy roots. The peak numbers

correspond to the compound numbers in
Figure 19.4. HPLC conditions were as follows:
column, Mightysil RP-18 (4.6 ×250 mm);
gradient, linear gradient from solvent A to
solvent B (0–35 min), isocratic at 100% of
solvent B (35–40 min), solvent A (20%
methanol, 0.2% acetic acid in H2O), solvent B
(90% methanol, 0.025% acetic acid in H2O);
flow rate, 0.8 mL min–1; column temperature,
37 °C. (Reproduced from [22], with
permission.)



For inoculation into the bioreactor, the hairy roots were cut into segments of ca.
1 cm length. During the eight-week culture period, the root segments became
trapped randomly on the stainless net placed at the bottom of bioreactor to prevent
physiological stress (Fig. 19.7). Details of the final biomass and camptothecin
yields over the culture period in the bioreactor are listed in Table 19.2. Total pro-
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Fig. 19.6 Excretion of camptothecin into the
culture medium. Hairy roots cultured for four
weeks in an Erlenmeyer flask were visualized
under (A) white light and (B) ultraviolet light
at 302 nm. The strong fluorescence under

ultraviolet irradiation is due to camptothecin
having been excreted into the medium. 
Note: A color version of this figure is available
in the color plate section.

Fig. 19.7 (A) Hairy root growth of O. pumila in the 3-L bioreactor after
eight weeks’ culture. (B) Harvested hairy roots of O. pumila after culture.
Note: A color version of this figure is available in the color plate section.



duction of camptothecin was 22 mg, with 3.6 mg (16.5%) being excreted into the
liquid medium. Clearly, camptothecin productivity by hairy root cultures of O. pu-
mila was maintained on scale-up to the bioreactor, and this represents a favorable
method for large-scale production.

19.2.5

Regeneration of Transformed Plants from Hairy Roots

In order to establish an efficient transformation and regeneration system accumu-
lating camptothecin, a method was developed to regenerate O. pumila plants from
hairy roots [26].

O. pumila hairy roots aged approximately one month regenerated shoot buds in
the dark. After being transferred onto half-strength MS medium under light
(light : dark cycle 18 : 6 h) for two weeks, these buds grew to greenish shoots. The
inoculum size of hairy roots and the light conditions affected the regeneration rate.
For example, when a small quantity of young hairy roots was cultured under light
conditions, they turned brown and moribund, without plant regeneration. In con-
trast, a 1-cm cluster of hairy roots, which had been subcultured in the dark for one
month, was effectively regenerated into shoot buds under light conditions (Fig.
19.8A). Furthermore, the shoot buds formed especially on relatively old parts of the
hairy roots. These findings indicate that two conditions – a sizeable mass of hairy
roots and light exposure after culture in the dark – are important for initiating
shoot regeneration from O. pumila hairy roots. The eventual rate of regeneration
was >83% (33 of 40 randomly selected hairy root lines). The regenerated plants
showed typical characteristic features of hairy root-derived plants, such as short-
ened internodes and malformed leaves (Fig. 19.8B). The regenerated plants were
found to accumulated from 66 to 111% of camptothecin compared to that in wild-
type O. pumila, and with a similar alkaloid pattern.
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Table 19.2 Camptothecin (CPT) productivity data in the 3-L bioreactor 
after eight weeks’ culture.a

Working volume (L) 2.5
Final fresh weight (g) 218±31
Biomass yield (g L–1) 87.2± 12.4
Growth rate (fold week–1) 1.47±0.03
Final CPT concentration in hairy root (% fresh weight) 0.0085±0.0018
CPT yield (mg L–1) 8.7±1.3
CPT productivity (mg L1 week–1) 1.1±0.2

a Culture conditions: 25 °C, 60 rpm, 0.25 L min–1 under ambient light.
Data are mean ±SD (n =3).



19.3

Camptothecin Biosynthesis Studies with O. pumila Hairy Root

19.3.1

Camptothecin Biosynthetic Genes

Monoterpenoid indole alkaloids (TIAs), including camptothecin, are synthesized
from strictosidine, a common intermediate formed by condensation of the indole
tryptamine with the iridoid glucoside secologanin by the enzyme strictosidine syn-
thase (STR) [34–37] (Fig. 19.9). Intramolecular cyclization of strictosidine leads to
the formation of strictosamide, an intermediate peculiar to camptothecin biosyn-
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Fig. 19.8 Camptothecin content of transgenic
regenerated plants from hairy roots. 
(A) Regeneration of transgenic O. pumila
plants from hairy roots. Regenerated shoots
emerged from hairy roots after five weeks of
culture under light conditions. (B) The shapes

of regenerated plants cultured on half-strength
MS medium containing 1% sucrose and 0.2%
gellan gum in test tubes. Note: A color version
of this figure is available in the color plate
section.



thesis [38]. The cDNA clones encoding STR were isolated from Rauvolfia serpenti-
na [39] and Catharanthus roseus [40]. Tryptamine, used in strictosidine biosynthe-
sis, is formed by decarboxylation of tryptophan by the enzyme tryptophan decar-
boxylase (TDC) [41]. The cDNA clone encoding TDC was isolated from C. roseus
[42]. The enzyme NADPH:cytochrome P450 reductase (CPR) is essential for the ac-
tivity of cytochrome P450 monooxygenases, such as geraniol 10-hydroxylase
(G10H) and secologanin synthase (SLS), both of which are involved in camptothe-
cin biosynthesis [43] (Fig. 19.9). In this study, the cDNA clones encoding STR,
TDC and CPR from O. pumila hairy roots were isolated using homology-based
approaches [44].

19.3.1.1 Strictosidine Synthase (OpSTR)
The isolated full-length STR cDNA sequence (OpSTR) contained a 1056 bp open
reading frame (ORF) encoding a protein of 351 amino acids with a molecular mass
of 38.9 kDa. The deduced amino acid sequence of OpSTR exhibited 51% and 55%
identities with STRs from C. roseus and R. serpentina, respectively. OpSTR is most
likely located in the vacuole according to the prediction by PSORT program. South-
ern blot analysis suggested that a single-copy of STR-encoding gene is present in
the genome of O. pumila hairy root. The highest OpSTR expression occurred in
hairy roots, followed by the root and the stem, whereas OpSTR was not apparently
expressed in leaves.
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Fig. 19.9 Predicted biosynthetic pathway of camptothecin in Ophiorrhiza
pumila. The enzymes are: TDC, tryptophan decarboxylase; G10H, geraniol
10-hydroxylase; CPR, NADPH:cytochrome P450 reductase; SLS, secologanin
synthase; STR, strictosidine synthase. Plausible intermediates of
camptothecin biosynthesis are in parentheses.



19.3.1.2 Tryptophan Decarboxylase (OpTDC)
The isolated TDC cDNA sequence (OpTDC) contained a 1521 bp ORF encoding a
protein of 506 amino acids with a molecular mass of 56.6 kDa. The deduced
OpTDC showed high identity to C. acuminata and C. roseus TDCs at the amino ac-

id level (71% and 67%, respectively). Southern blot analysis suggested that the
TDC-encoding gene is present as at least two copies. The expression patterns of
OpSTR and OpTDC were similar.

19.3.1.3 NADPH:cytochrome P450 Reductase (OpCPR)
The full-length CPR cDNA sequence (OpCPR) contained a 2073 bp ORF encoding
a protein of 690 amino acids with a molecular mass of 76.6 kDa. The deduced ami-
no acid sequence of OpCPR showed high identity with Arabidopsis thaliana, Petro-
selium crispum, Pisum sativum, and Triticum aestivum CPR (72%, 66%, 65%, and
67%, respectively). Southern blot analysis suggested that a single-copy of CPR-en-
coding gene is present in the genome of O. pumila hairy root. OpCPR was ex-
pressed in all tissues.

19.3.2

In-Silico and In-Vitro Tracer Study from [1-13C]glucose

Involvement of the mevalonate (MVA) pathway [45] and the 2C-methyl-d-erythritol
4-phosphate (MEP) pathway [46–48] have long been recognized in the formation of
isopentenyl diphosphate (IPP), the precursor of terpenoid biosynthesis. The incor-
poration of [1-13C]glucose into camptothecin with hairy roots of O. pumila was in-
vestigated by in-silico computation using the Atomic Reconstruction of Metabolism
(ARM) [49] program and by in-vivo tracer experiments [50].

13C-NMR analysis clearly indicated that the secologanin moiety of camptothecin
was synthesized via the MEP pathway in O. pumila hairy roots. Furthermore, in
O. pumila hairy root culture, treatment with fosmidomycin, a specific inhibitor of
the MEP pathway, resulted in a significant decrease in camptothecin production.
These findings support the conclusion that the secologanin moiety of camptothe-
cin is derived via the MEP pathway.

19.4

Summary and Conclusions

Aseptic plants and hairy roots of O. pumila, O. liukiuensis and O. kuroiwai have
been established for the feasible production of camptothecin, in addition to its
plausible biosynthetic intermediate, pumiloside [11, 51]. Camptothecin production
by O. pumila and O. kuroiwai was superior to that by O. liukiuensis, with 10-methox-
ycamptothecin being accumulated in tissue cultures of O. liukiuensis and O. kuroi-
wai, but not in those of O. pumila. It is likely that 10-methoxycamptothecin might
serve as an efficient synthetic precursor of topotecan and irinotecan, and also in
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the development of new anti-tumor compounds with C-10 substitution [52]. In
general, the aseptic plants of O. kuroiwai showed the best growth rates, presumably
due to a heterosis effect of a hybrid species that has been described as increased
size and yield in crossbred as compared to corresponding inbred lines [53]. Thus,
cell cultures of Ophiorrhiza sp. would serve as valuable resources for the further de-
velopment of camptothecin-related pharmaceuticals.

The hairy roots of O. pumila excrete camptothecin into the medium in large
quantities, with concentrations being raised by the addition of a polystyrene resin
to which the compound was adsorbed. In fact, resin addition proved to be a valu-
able means of recovering camptothecin from the culture medium. Furthermore,
large-scale culture of the hairy roots of O. pumila using a modified 3-L bioreactor
was found to serve as a suitable method for commercial production of camp-
tothecin.

The cDNA clones encoding STR and TDC and CPR were isolated and character-
ized from hairy roots of O. pumila. Northern blot analysis indicated that OpSTR
and OpTDC were expressed at different levels in different tissues of the plant, with
highest levels expressed in the root. It should be noted that the mRNA expression
patterns of OpSTR and OpTDC regarding tissue specificity are quite similar, but
the expression of OpCPR is different. These results suggest that the expression of
committing genes for TIA biosynthesis such as STR and TDC is coordinately reg-
ulated in O. pumila. However, CPR is not controlled by this regulatory system op-
erated for STR and TDC expression. In some cell cultures, biotic and abiotic elici-
tors and secondary signal compounds such as MeJA, SA and YE exhibit a remark-
able effect on the production of secondary metabolites, including TIA [43, 54, 55].
The regulatory studies regarding regulatory factors in O. pumila such as those
already conducted in C. roseus [56–58] should be useful in identifying these differ-
ences.

The biosynthetic pathway of camptothecin from [1-13C]glucose was investigated
by in-silico computation using the ARM program and by in-vivo tracer experiments.
By combining these results, it can be concluded that the secologanin moiety is de-
rived via the MEP pathway, and that Trp part is formed via the general shikimate
pathway.

In time, the transformation and regeneration systems of Ophiorrhiza species
will not only contribute to further studies of the formation of camptothecin but al-
so help to establish the use of genetically modified plants for its production.
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Plant Biochemistry and Biotechnology of Flavor Compounds
and Essential Oils

Dinesh A. Nagegowda and Natalia Dudareva

20.1

Introduction

Essential oils, also known as volatile or ethereal oils or essences, are the mixtures
of highly fragrant compounds found in aromatic plants and flowers that are the
raw materials of the flavors and fragrances. The essential oil-producing plants are
distributed widely across the plant kingdom and cover a large number of families
including Lamiaceae (mints, basil, lavender, etc.), Rosaceae (roses), and Poaceae
(aroma grasses) (Table 20.1). This widespread distribution of essential oils across
the plant taxonomic groups is paralleled by a variety of epidermal cellular struc-
tures producing and/or sequestering essential oils, and an array of quantitative and
qualitative combinations of the chemical constituents of the volatile oils of these
plants [1]. Essential oils are secondary metabolites, often produced in special
glands or secretory tissues, and are generally found to be most abundant in one
particular plant organ such as flowers, buds, seeds, leaves, twigs, bark, herbs,
wood, fruits, roots/rhizomes, resin or exudates, depending on the species [2]. Es-
sential oils can be extracted from plant organs by crushing or by distillation in a
heated aqueous or alcoholic solvent, and their active components subsequently iso-
lated and characterized using HPLC and gas-liquid chromatography.

Almost all essential oils are extremely complex in composition, having a large va-
riety of highly functionalized chemical entities belonging to different chemical
classes. Of the various secondary metabolites synthesized in plants, terpenoids de-
rived from either the mevalonic acid (MVA) or methyerythritol phosphate (MEP)
pathways are predominant constituents of essential oils, though many of these oils
are also composed of other chemicals such as phenylpropanoids, derived from the
shikimate pathway. Essential oils have been used by mankind from time immemo-
rial for various purposes such as perfumes, flavors, and medicine. In the modern
era, they are routinely used in fragrances, cosmetics, soaps, foods, confectionary,
preservatives, insect repellents, and pharmaceutical products. Many of the essen-
tial oils possess antimicrobial, anticancer and other medicinal properties. Of an es-
timated 3000 known essential oils, about 300 are commercially important, being
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used mainly for the flavors and fragrances market [3]. During the past few years
their use as potent natural remedies has gained enormous popularity in industrial-
ized countries, particularly in the multimillion-dollar aromatherapy business. In
this chapter, we discuss the biochemistry of essential oils, the enzymes and genes
involved in their biosynthesis, their practical applications, and attempts to improve
essential oils via metabolic engineering.

20.2

Biosynthesis of Flavors/Essential Oils

Two classes of compounds – terpenoids and phenylpropanoids derived from dif-
ferent metabolic pathways – comprise the bulk of plant essential oils. Although
phenylpropanoids are found less frequently than terpenoids within essential oils,
they also provide indispensable and significant aroma, flavor and therapeutic ef-
fects.

20.2.1

Terpenoids

Terpenoids, also known as isoprenoids, are the most functionally and structurally
diverse group of plant metabolites with over 30 000 compounds identified to date
[4,5]. They play an essential role in respiration, signal transduction, cell division,
membrane architecture, photosynthesis, and growth regulation. Furthermore,
they also function in protecting plants against herbivores and pathogens, in attract-
ing pollinators and seed-dispersing animals, and as allelochemicals that influence
competition among plant species [6]. These extraordinarily diverse compounds
originate through the condensation of the universal five-carbon precursors, iso-
pentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). In higher
plants, two distinct biosynthetic pathways are responsible for the synthesis of IPP
and DMAPP: the classical mevalonate pathway [7]; and the recently discovered
methylerythritol phosphate (MEP) pathway [8,9] (Fig. 20.1a). The mevalonate path-
way, which operates in the cytosol, begins with the stepwise fusion of three mole-
cules of acetyl-CoA and proceeds through the intermediate mevalonate, providing
IPP and DMAPP for sesquiterpene biosynthesis. The non-mevalonate MEP or
Rohmer pathway localized in plastids [10, 11] provides IPP and DMAPP for hemi-
terpene, monoterpene, and diterpene biosynthesis. In this pathway, IPP is derived
from pyruvate and glyceraldehyde-3-phosphate. Although this subcellular com-
partmentation allows both pathways to operate independently in plants, metabolic
“cross-talk” between these two pathways was recently discovered [12], particularly
in the direction from plastids to cytosol [13–15].

Upon synthesis of the basic isoprene units, the next step of terpene biosynthesis
involves fusion of the basic C5 building blocks by a head-to-tail condensation to
generate three larger prenyl diphosphates: geranyl diphosphate (GPP, C10); farne-
syl diphosphate (FPP; C15); and geranylgeranyl diphosphate (GGPP; C20) – the pre-

47120.2 Biosynthesis of Flavors/Essential Oils



cursors of monoterpenes, sesquiterpenes, and diterpenes, respectively. The forma-
tion of these prenyl pyrophosphates is catalyzed by short-chain prenyltransferases
[16,17]. FPP is synthesized in the cytosol by a sequential head-to-tail addition of two
IPP molecules to one DMAPP molecule catalyzed by a homodimeric enzyme
farnesyl pyrophosphate synthase (FPPS; EC 2.5.1.10) [18], while GGPP is synthe-
sized in the plastids in a reaction catalyzed by GGPP synthase (GGPPS; EC
2.5.1.30), which condenses DMAPP with three IPP molecules [16,19]. GPP, the
universal precursor for all monoterpenes, is also synthesized in the plastids by
head-to-tail condensation of one molecule of IPP and DMAPP catalyzed by the en-
zyme geranyl pyrophosphate synthase (GPPS; EC 2.5.1.1) [19,20]. Recent isolation
of GPP synthases from different plant species revealed the presence of two funda-
mentally different dimeric structures. The GPP synthases of Arabidopsis [21] and
grand fir (Abies grandis) [22] are homodimers, whereas those reported from pepper-
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Fig. 20.1 A simplified view of the biosynthet-
ic pathways leading to the formation of ter-
penes and phenylpropenes. (A) Overview of
the mevalonic acid (MVA) and methyerythri-
tol phosphate (MEP) pathways for isoprenoid
biosynthesis localized in cytosol and plastids,
respectively. HMGS:, HMG-CoA synthase;
HMGR: HMG-CoA reductase; FPPS: FPP syn-

thase; DXS: 1-deoxy-d-xylulose 5-phosphate
synthase; DXR: 1-deoxy-d-xylulose 5-phos-
phate reductoisomerase; GPPS: GPP syn-
thase; GGPPS: GGPP synthase. (B) Overview
of the phenylpropene biosynthetic pathway.
PAL: Phenylalanine ammonia lyase; C4H: cin-
namate 4-hydroxylase; 4CL: 4-coumarate:CoA
ligase.



mint leaves (Mentha × piperita) [23], snapdragon (Antirrhinum majus) and Clarkia
breweri flowers [24] are heterodimeric enzymes with each subunit classified as a
member of the prenyltransferase protein family. Each subunit alone in pepper-
mint is catalytically inactive, and only their co-expression leads to production of the
active heterodimeric enzyme [23]. In contrast, in snapdragon only the small sub-
unit is inactive when expressed alone, while the large subunit is a functional GGPP
synthase on its own [24].

In the next step, GPP, FPP, and GGPP are converted to monoterpenes, sesqui-
terpenes, and diterpenes, respectively, by a large family of enzymes known as ter-
pene synthases/cyclases [25, 26]. One of the most outstanding properties of these
enzymes is their proclivity for making multiple products from a single substrate.
Many of the terpene volatiles are direct products of terpene synthases, while others
are formed through transformation of the initial terpenoid products by oxidation,
dehydrogenation, acylation, and other reaction types [27].

20.2.1.1 Monoterpenes
Monoterpenes are the most commonly occurring type of terpenes in plant essen-
tial oils. Their levels within the oil depend on plant species. Monoterpenes along
with sesquiterpenes represent the major constituents of essential oils of many La-
miaceae species including Mentha, Salva, Origanum, and Thyme spp. [28]. Similar-
ly, essential oils of many species of the genus Ocimum are based primarily on
monoterpene derivatives such as camphor, limonene, thymol, citral, geraniol, and
linalool (Fig. 20.2) [28–30]. To date, more than 1000 monoterpenes have been iden-
tified, most of which are volatile compounds responsible for the characteristic
odors of extracted essential oils [31]. The biosynthesis of monoterpenes is catalyzed
by monoterpene cyclases/synthases which convert GPP into various skeletal types
(Fig. 20.2). During the past few years, a number of monoterpene synthases have
been isolated and characterized from various plant species. This list includes genes

47320.2 Biosynthesis of Flavors/Essential Oils

Fig. 20.2 Representative structures of monoterpenes found in plant essential oils.



encoding enzymes responsible for the synthesis of (S)- and (R )-linalool [32–37],
myrcene [36–39], (E )-â-ocimene [38,40], (+)-3-carene [41,42], (–)- and (+)-limonene
[36, 39, 43–45], (+)- and (–)-α-pinene [36, 46, 47], (–)-â-pinene [36, 39, 45, 48], 1,8-
cineole [49, 50], ã-terpinene [45], geraniol [51], camphor [52], and terpinolene [47].
Many of these compounds are synthesized by specialized monoterpene synthases
that catalyze the formation of a single product; however, several multiproduct
monoterpene synthases have also been recently isolated and characterized. Arabi-
dopsis myrcene/ocimene synthase converts GPP into myrcene (56% of total hydro-
carbon product), (E)-â-ocimene (20%), and small amounts of cyclic monoterpenes
(each <5%) [53], while a monoterpene synthase from Perilla frutescens produces
myrcene (53.8%), sabinene (20.9%), linalool (19.8%) and limonene (5.5%) [54].
Two basil monoterpene synthases – terpinolene synthase and fenchol synthase –
each catalyze the formation of four different products, including one unidentified
in both cases. In addition to an unidentified monoterpene, terpinolene synthase
produces terpinolene (a major product), limonene, and â-pinene, whereas fenchol
synthase synthesizes fenchol, limonene, and α-pinene [37].

Synthesized monoterpenes often undergo further enzymatic transformations
including oxidations, reductions, and isomerizations which lead to the formation
of a large number of monoterpene derivatives such as alcohols, ketones, aldehydes,
and esters. Several terpene-modifying enzymes have been isolated including rose
(Rosa hybrida) geraniol/citronellol acetyl transferase [55] and mint limonene hy-
droxylases [56]. Stereoselective reduction to (S)-citronellol, E/Z-isomerization to
nerol, oxidation to neral/geranial and glycosylation of the corresponding monoter-
pene alcohols was demonstrated in grape mesocarp (Vitis vinifera) by in-vivo-feed-
ing experiments [57].

20.2.1.2 Sesquiterpenes
Sesquiterpenes are synthesized from FPP by sesquiterpene synthases, and are
structurally more diverse than monoterpenes due to the increased possibilities of
different cyclizations with five additional carbon atoms [31] (Fig. 20.3). They are
less volatile when compared with monoterpenes and are commonly found in se-
cretory cavities, glands, and ducts. Also, sesquiterpenes are common constituents
of most of the essential oils including farnesene in chamomile and lavender, â-car-
yophyllene in basil and black pepper, â-eudesmol in chamomile, bisabolene in gin-
ger, santalene in sandalwood, cedrene and cadinene in cedar wood, and α-bulne-
sene in patchouli (Fig. 20.3).

To date, more than 7000 sesquiterpenes have been identified in plants, with sev-
eral sesquiterpene synthases being cloned and biochemically characterized from
various plant species [58]. These genes include caryophyllene synthase from Arab-
idopsis thaliana and annual wormwood (Artemisia annua) [33,59], germacrene A
synthase from goldenrod (Solidago canadensis) and chicory (Cichorium intybus) [60,
61], germacrene D synthase from roses (Rosa hybrida), goldenrod (Solidago cana-
densis), basil (Ocimum basilicum), and grapevine (Vitis vinifera) [37, 62–64], terpene
synthase 1 from maize (Zea mays), [65], (E )-â-farnesene synthase from peppermint

474 20 Plant Biochemistry and Biotechnology of Flavor Compounds and Essential Oils



(Mentha ×piperita), yuzu (Citrus junos), Douglas-fir (Pseudotsuga menziesii), and an-
nual wormwood (Artemisia annua) [47, 66–68], nerolidol/linalool synthase from
strawberry (Fragaria ×ananassa) [69], valencene synthase from grapevine (Vitis
vinifera) [64] and citrus [70], ã-cadinene synthase, selinene synthase, α-zingiberene
synthase from basil [37], cis-muuroladiene synthase from peppermint (Mentha ×
piperita) [71], (E )-ã-bisabolene synthase from Douglas-fir (Pseudotsuga menziesii)
[47], longifolene synthase, (E,E )-α-farnesene synthase, and (E )-α-bisabolene syn-
thase from Norway spruce (Picea abies) [36], and two sesquiterpene synthases from
Arabidopsis responsible for the synthesis of a complex mixture of sesquiterpenes
with the main component (E )-â-caryophyllene [72].

20.2.2

Phenylpropanoids

Phenylpropanoids, such as eugenol, methyl eugenol, myristicin, methyl cinna-
mate, elemicin, chavicol, methyl chavicol (estragole), dillapiole, anethole, and api-
ole, are common constituents of essential oils and contribute to their particular
properties (Fig. 20.4). Eugenol, with a spicy odor reminiscent of cloves, is a major
component of clove (Myrtaceae) essential oil and is also present in significant
amounts in cinnamon leaves (Cinnamomum zeylanicum, Lauraceae) [73–75]. Estra-
gole has an odor resembling that of fennel and anise, and is a key component of es-

47520.2 Biosynthesis of Flavors/Essential Oils

Fig. 20.3 Representative structures of sesquiterpenes found in plant essential oils.



sential oils of aromatic plants belonging to different families including aniseed
(Pimpinella anisum L., Apiaceae), star anise (Illicium verum Hook. f., Magnolia-
ceae), bitter fennel (Foeniculum vulgare var. vulgare, Apiaceae), and tarragon (Arte-
misia dracunculus L., Asteraceae) [75–77].

Unlike terpenoids, for which extensive information is available about their bio-
synthesis, and a significant number of enzymes and corresponding genes have
been isolated and characterized [49, 78, 79], little is known about the entire bio-
chemical pathways leading to the formation of phenylpropenes and their deriva-
tives. The phenylpropene compounds are derived from l-phenylalanine (Phe)
which is converted to trans-cinnamic acid in a reaction catalyzed by l-phenylala-
nine ammonia-lyase (PAL; EC 4.3.1.5) (Fig. 20.1B). PAL not only catalyzes the non-
oxidative deamination of Phe (the first committed step in the phenylpropanoid
synthesis) but also regulates the overall flux into the pathway [80]. In the next steps,
a variety of hydroxycinnamic acids are formed from trans-cinnamic acid via a series
of hydroxylation and methylation reactions. Some of these hydroxycinnamic acids,
coumarate and ferulate, are believed to be precursors for chavicol and eugenol, re-
spectively. Feeding basil leaves with radioactively labeled precursors suggested that
eugenol could be synthesized from the monolignol precursor coniferyl alcohol
[81], or via an undefined mechanism involving methylation and decarboxylation of
the hydroxycinnamic acids [82–84]. To date, the exact biochemical routes leading to
chavicol and eugenol formation have not been elucidated and the critical interme-
diary steps in their biosynthesis represent an open question. However, genes en-
coding enzymes responsible for the last step in the formation of methylchavicol
and methyleugenol have been recently isolated and characterized from sweet basil
[85]. It has been shown that two separate – but very similar – enzymes, chavicol 
O-methyltransferase (CVOMT) and eugenol O-methyltransferase (EOMT), cata-
lyze methylation of the 4’-hydroxyl group of chavicol and eugenol, respectively, us-

476 20 Plant Biochemistry and Biotechnology of Flavor Compounds and Essential Oils

Fig. 20.4 Representative structures of phenylpropenes found in plant essential oils.



ing S-adenosylmethionine (SAM) as the methyl donor. Compared to terpenes, very
few genes responsible for the biosynthesis of phenylpropene compounds of essen-
tial oils have been isolated. These include SAM:(iso) eugenol O-methyl transferase
from Clarkia breweri [86] and the aformentioned eugenol methyltransferase and
chavicol methyltransferase from sweet basil (Ocimum basilicum) [85].

20.3

Regulation of Essential Oil Accumulation

The accumulation of essential oils in plants is developmentally regulated and de-
pends on plant species as well as on plant organ, tissue, and cells. In plants such as
Mentha [87], Ocimum sanctum, Majorana hortensis [88], Salvia offıcinalis [89] and
Cymbopogon flexuosus [90], where leaves are the major source of commercially val-
uable oil, its accumulation is associated with the early stages of leaf development.
However, in some species the accumulation of oil can occur later in development,
as was reported for palmarosa Cymbopogon martini leaves [91, 92]. In general,
young leaves of Eucalyptus citriodora have a greater oil content than mature ones,
but in some eucalyptus species, oil content has been shown to be independent of
leaf maturity [93]. When the flowers are the sources of essential oils – for example
in the case of geranium (Pelargonium spp.) and rose (Rosa damascena) – its accu-
mulation is also developmentally regulated, but in contrast to leaves, the highest
levels are usually attained at full bloom and decrease rapidly thereafter [93, 94]. It
should be noted, that although the oil content of the geranium flowers is greater
than that of the leaves, the flowers contribute little to the total oil yield [94].

The essential oil of peppermint (Mentha × piperita) represents an example where
the biochemistry and regulation of its metabolism has been extensively investigat-
ed [87]. This perennial herb produces high levels of p-menthane monoterpenes in
the peltate glandular trichomes found on the aerial parts of leaves, young stems,
and parts of the inflorescence [95]. Most of the genes encoding enzymes respon-
sible for the eight-step biosynthetic pathway to menthol, the principal and charac-
teristic monoterpene constituent of mint oil, have been isolated and characterized
[96]. During leaf development, the total content of monoterpenes increases with
age [97, 98] and their composition changes drastically. A time-course evaluation of
essential oil chemistry, in-vitro enzyme activities, and transcript and enzyme pro-
tein abundances revealed two distinct stages of monoterpene biosynthesis in pep-
permint [99, 100]. In the first stage, de-novo monoterpene biosynthesis peaks at
about 12 days after leaf initiation, coinciding with leaf expansion and oil gland fill-
ing, and primarily represents the conversion of basic precursors to menthone.
During this stage all of the pathway genes, with the exception of menthone reduc-
tase (MR), are coordinately transcribed at high levels [99, 101]. The second stage
(oil maturation stage), approximately seven days later, is characterized by a reduc-
tion in early pathway transcripts and enzymes, and a gradual increase in MR activ-
ity resulting in the conversion of menthone to menthol. The coincidental temporal
changes in enzyme activities, enzyme protein level, and steady-state transcript
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abundances during these two stages indicated that developmental programs are
regulated at the level of gene expression [99]. The second stage terminates at flow-
er initiation and is generally accompanied by the production of measurable
amounts of menthyl acetate which is an indicator of an “over-mature” oil [87].

Similar to peppermint, developmentally regulated accumulation of carvone and
limonene, the major constituents of caraway (Carum carvi) essential oil, was found
in fruits. Limonene accumulates predominantly in the early stages of develop-
ment, whereas accumulation of carvone occurs in the later stages; this results in
approximately equal amounts of both compounds at fruit maturity [102–104].
Interestingly, the annual and biennial forms of caraway show differences in essen-
tial oil formation. While both forms produce an essential oil consisting mainly of
carvone and limonene, biennial varieties usually have a higher essential oil content
with a higher carvone:limonene ratio than the fruits of annual plants [103]. In an-
nual caraway, the accumulation of limonene and carvone begins earlier in develop-
ment, peaks, and ceases earlier than in biennial varieties. However, the biennial
form continues to accumulate limonene and carvone after the monoterpene con-
tent of annual caraway has already stabilized. The continued formation of mono-
terpenes during the later stages of development contributes to the higher car-
vone:limonene ratio in biennial caraway.

The formation of carvone from GPP in caraway fruits proceeds via three steps,
which are sequentially catalyzed by limonene synthase, limonene-6-hydroxylase,
and (+)-trans-carveol dehydrogenase. The activities of these three enzymes, which
synthesize (+)-limonene, (+)-trans-carveol, and (+)-carvone, respectively, undergo
dramatic changes during fruit development and correlate closely with monoter-
pene accumulation. Due to limited temporal occurrence of limonene-6-hydroxy-
lase and its kinetic properties, it was concluded that the hydroxylation of limonene
to trans-carveol is a critical, rate-limiting step in carvone biosynthesis [105].

Developmental accumulation of phenylpropanoid compounds of essential oil
has been shown in sweet basil peltate glandular trichomes. Young leaves displayed
high levels of chavicol and eugenol O-methyltransferase activity, which was low or
negligible in older leaves, indicating that the O-methylation of chavicol and euge-
nol primarily occurs during early leaf development [85, 106]. The levels of chavicol
and eugenol O-methyltransferase activities and mRNA transcripts followed the
general pattern of glandular trichome development on basil leaves. As the glands
reach maturity, the levels of enzyme activity and mRNA transcripts decrease [85].

20.4

Practical Applications

Due to their pharmacological potential, plants and their extracts have been used as
treatments for ailments from headaches to parasite infections for many centuries,
despite their mode of action still remaining largely unknown. The medicinal prop-
erties of essential oils have received increasing attention over the past 20 to 30
years but to date, still less than 10% of approximately 250000 of the world’s flower-
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ing plant species have been analyzed for their pharmacological properties. Never-
theless, almost 25% of active medical compounds currently prescribed in the USA
and UK are isolated from higher plants [107]. Plant essential oils are of great value
due to their anticancer, antiparasitic, and antimicrobial properties. Some aromatic
compounds of essential oils are important ingredients of food (as flavorings), cos-
metic (perfumes and aftershaves), and oral healthcare products.

A number of individual components of many essential oils, particularly mono-
terpenes such as limonene [108–112], perillyl alcohol [112–116], citral [117], car-
vone [118], carveol [119], menthol [120] and geraniol [121, 122], sesquiterpenes in-
cluding α-cadinol, â-elemene and α-humulene [123], and phenylpropanoids such
as eugenol [124], possess anticarcinogenic activities, as was demonstrated using
animal cancer models. These compounds act at different cellular and molecular
levels, exhibiting not only the ability to prevent the formation or progression of
cancer, but also causing existing malignant tumors to regress. In addition to indi-
vidual components, some essential oil extracts including those from caraway seeds
[118], sweetgale [125], garden angelica, [126], tea tree [127], and lemon balm [128],
have the ability to prevent cancers.

Plant essential oils and/or their active components can also be used as alterna-
tives or adjuncts to antiparasitic therapies. They are useful in treating infectious
diseases, particularly in cases where the oils have no direct undesirable effects on
the host [107]. Two separate modes of action can be accounted for the efficacy of
plant oils for treating parasitic infection: their immunomodulatory properties and
their antiparasitic effects. Some essential oils such as clove [129], turmeric [130],
basil [131], and garlic [132] have immunomodulatory effects leading to the modifi-
cation of host–parasite immunobiology [107]. By inhibiting nitric oxide (NO) pro-
duction in macrophages, essential oils from clove, turmeric, and garlic provide an
environment conducive for intracellular parasite multiplication. This, in turn, up-
regulates the secondary mechanisms from which the parasite cannot protect itself,
leading to its death. On the other hand, sacaca (Croton cajucara) oil increases the
macrophage NO formation, thus enhancing the intracellular parasite killing [133].

While some essential oils such as garlic and basil have both immunomodulato-
ry and antiparasitic modes of action, the other plant essential oils possess only one
of these activities. Many essential oils including those from lemon balm, thyme,
tea tree [134], cinnamon [135–138], and lemon [136] have antiparasitic effects but
cannot act on more than two parasites. Apart from these oils, oregano oil is effec-
tive against more than two parasites [139, 140]. The exception includes garlic es-
sential oil, the only plant oil with a broad antimicrobial spectrum including anti-
bacterial, antifungal, antiviral, and antiparasitic activities [141]. It influences the
growth of at least 12 different human and nonhuman parasites, including Trypa-
nosoma, Plasmodium, Giardia, and Leishmania. As chemotherapy-resistant para-
sites are currently emerging, the role of plant essential oils as novel antiparasitic
agents is becoming more important.

A number of essential oils including thyme, rosemary, oregano, sage, clove, lem-
on grass and several of their individual components exhibit antibacterial activity
against foodborne pathogens in vitro and, to a lesser extent, in foods [142]. Addi-
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tionally, due to their antibacterial properties, essential oils and their components
are exploited in a wide range of commercial products such as dental root canal seal-
ers [143], antiseptics [144, 145] and feed supplements for lactating sows and
weaned piglets [146, 147]. “DMC Base Natural” is a commercially available food
preservative comprising 50% essential oils from rosemary, sage and citrus and
50% glycerol [148]. “Protecta One” and “Protecta Two” are blended herb extracts
recognized as safe food additives in the US. Furthermore, essential oils are used as
suppressants of potato sprouting [149].

Nowadays, essential oils are gaining popularity in aromatherapy, one of the
branches of phytotherapy, which uses the whole plants or parts of plants for medic-
inal purposes. In aromatherapy pure essential oils from fragrant plants (such as
lavender, jasmine, rose, sandalwood, rosemary, basil, thyme) are used to help re-
lieve health problems and improve the quality of life in general [150]. During the
treatment, essential oils are commonly used in oil burners, bath water, or mas-
saged into the skin; thus, the aroma of the essential oil evaporates and stimulates
the olfactory sense. Aromatherapy is thought to be therapeutically effective due to
both the psychological effect of the odor and the physiological effects of the inhaled
volatile compounds. The healing properties of aroma therapy are claimed to pro-
mote relaxation and sleep, relief of pain, and reduction of depressive symptoms
[150], with the rationale that the essential oils have a calming and de-stressing ef-
fect. Although the pharmacokinetics and physiological effects of essential oils in
aromatherapy are still unclear to date, they are used in maternal and child health,
critical care environments, pain relief, cancer care, skin and hair conditions, neu-
rological conditions, respiratory conditions, digestive disorders, and some medical
conditions [151].

Plant essential oils and their individual components have also been recognized
as important natural resource for insecticides [152, 153]. They are used as contact
insecticides, antifeedants or repellents and miticides [154, 155]. Due to their lipo-
philic nature they penetrate the wax cuticle and interfere with basic metabolic, bi-
ochemical, physiological, and behavioral functions of insects [156]. An analysis of
37 individual constituents of different essential oils revealed that cis-carveol, geran-
iol, citronellal, and caryophyllene oxide exhibit relatively high repellent activities
[157]. A contact toxicity test against American cockroach (Periplaneta americana)
using filter paper impregnation of various individual components of essential oils,
showed that methyl-eugenol, isosafrole, eugenol and safrole each have knockdown
activity after 24 h of contact, whereas eugenol, methyleugenol, isosafrole, and sa-
frole have killing effects after 96 h [158]. When essential oils extracted from 10 me-
dicinal plants including basil, rosemary, anise, ginger, bark, and nut grass were
evaluated for larvicidal, adulticidal, ovicidal, oviposition-deterrent and repellent ac-
tivities towards three mosquito species, it was found that Cinnamomum zeylanicum
(bark) essential oil showed the highest repellent and oviposition-deterrent activity
[159]. As essential oils are generally safe to humans and other mammals [160], they
have the potential to be developed as eco-friendly pesticides.
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20.5

Metabolic Engineering

Although essential oils are found widely in plants, their extraction is often expen-
sive due to low yield, and their supply will become limiting as demand increases
and natural resources are depleted. Thus, the generation of transgenic plants with
increased yields of essential oils or individual biologically active compounds via
metabolic engineering has lately gained increasing interest. Recent discoveries of
genes encoding enzymes that catalyze the synthesis of essential oil compounds,
coupled to advances in our understanding of their regulation, provide avenues for
the biotechnological improvement of plant essential oils. The strategies for in-
creasing metabolic flux to the target compound include modification of endoge-
nous pathways at single or multiple points, blocking of competitive pathway(s), or
the introduction of a new step that redirects the flux towards a particular desirable
molecule. It should be kept in mind that the goal of increasing essential oil yield
via the introduction of novel genes or the enhancement of preexisting gene activ-
ities may not always be successful due to limitations in the level of precursor avail-
ability for up-regulated enzymes.

The feasibility of successful enhancement of essential oil yields, altering its com-
position and producing novel terpenoid compounds via metabolic engineering,
has been well demonstrated in peppermint plants since the menthol pathway was
recently established [96]. In transgenic peppermint the improved flux to GPP by
up-regulation of the 1-deoxy-d-xylulose-5-phosphate reductoisomerase (DXR),
which catalyzes the second and slow step of the MEP pathway, the conversion of 1-
deoxy-d-xylulose-5-phosphate to methylerythritol phosphate, resulted in an almost
50% increase in the accumulation of essential oil [161]. The absence of changes in
the complex peppermint oil composition also suggested that additional rate-deter-
mining step(s) reside somewhere downstream of DXR.

(+)-Menthofuran is an undesirable monoterpenoid component of peppermint
essential oil that is derived from the α,â-unsaturated ketone (+)-pulegone [162]. It
contributes an off-flavor to the isolated essential oil, and also promotes off-color
during storage [163, 164]. Stressful environmental conditions such as high temper-
ature, drought and low light intensity can influence the plant menthofuran and
pulegone contents, which can reach industrially unacceptable levels [97, 165].
While pulegone has the potential for further metabolism to menthone and men-
thol as long as pulegone reductase is present during the de-novo biosynthetic phase
of oil production, menthofuran represents a dead-end metabolite with no alterna-
tive fate but accumulation. The reduction of menthofuran and pulegone in pepper-
mint essential oil and the consequent improvement of the oil quality was recently
achieved via a single alteration by eliminating one of the competitive branches in
the metabolic network leading to menthofuran [166]. The co-suppression of men-
thofuran synthase blocked the branchway that channels pulegone away from the
menthol pathway, thereby increasing the content of menthone and menthol in the
essential oil. Parallel experiments with the overexpression of menthofuran syn-
thase uncovered the unusual influence of menthofuran on the pulegone reductase
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expression. High levels of menthofuran suppress pulegone reductase leading to
the accumulation of high levels of pulegone, whereas low levels of menthofuran
permit pulegone reductase expression and promote the conversion of pulegone to
menthone and ultimately to menthol. While the physiological rationale for such
complex regulation is presently unclear, it could have an important application in
the control of natural products’ biosynthetic pathways and production of high-
quality commercial oils [166].

The biosynthesis of (–)-4S-limonene, the first committed intermediate of the
menthol biosynthetic pathway, represents a possible rate-limiting step of monoter-
pene production in peppermint, and is catalyzed by limonene synthase [43, 167].
The levels of limonene in commercial peppermint oil are less than 1%, indicating
that this olefin precursor is rapidly utilized in downstream biosynthetic steps and
that consumption almost exceeds production. Constitutive expression of both lim-
onene synthase and limonene-3-hydroxylase (which catalyzes the hydroxylation of
limonene to (–)-trans-isopiperitenol), each driven by the CaMV 35S promoter, re-
sulted in only moderate expression of introduced genes and no significant increase
in corresponding enzyme activities in the glandular trichomes, the sites of essen-
tial oil biosynthesis in mint [168]. Obtained results revealed the insufficiency of the
35S viral promoter to significantly increase production of the target enzymes in the
oil glands. However, effective co-suppression of the hydroxylase gene was achieved
using the 35S promoter, and this resulted in significant limonene accumulation –
up to 80% of the essential oil in transgenic plants, versus approximately 2% of the
oil in wild plants. Interestingly, the essential oil yield was unaffected in these
plants, indicating that pathway flux control resides upstream of this hydroxylation
step and that accumulation of limonene has no feedback effect on limonene syn-
thase, as well as no apparent effect on other monoterpene biosynthetic enzymes in
peppermint [168].

In addition to improving the essential oil composition and yield, attempts have
already been made to improve the aroma and flavor quality of fruits by metabolic
engineering. The overexpression of tomato alcohol dehydrogenase (ADH) cDNA
(ADH 2 ) under the fruit-specific tomato polygalacturonase promoter in transgen-
ic tomato (Lycopersicon esculentum) plants influenced the balance between some of
the aldehydes and the corresponding alcohols associated with flavor production,
leading to a more intense “ripe fruit” flavor in ripening fruits [169]. Metabolic en-
hancement of aroma and flavor was also recently achieved by increasing the levels
of monoterpenes in ripening tomato fruits [170]. Overexpression of the Clarkia bre-
weri S-linalool synthase (LIS) gene, under the control of the tomato late-ripening-
specific E8 promoter in tomato plants, led to a more than 50-fold increase in lina-
lool levels in tomato ripening fruits when compared with wild-type plants, without
a concomitant decrease in the levels of other non-volatile terpenoids. In addition,
some linalool was further oxidized to the volatile 8-hydroxylinalool, which was to-
tally absent in the wild-type. Although the changed aroma of the intact fruits could
easily be detected by the human nose, the actual effect on human preferences for
transgenic fruits is still unknown as taste tests with humans have not yet been car-
ried out [170].
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20.6

Conclusions

This chapter presents an overview of plant essential oils, their biosynthesis, and
practical applications. To date, only 10% of known essential oils are used in the
pharmaceutical, food, and cosmetic industries. New biological functions of essen-
tial oils and their mode of action remain to be determined. Rational improvement
of the commercial production of essential oils via genetic modifications will re-
quire knowledge of essential oil-generating biochemical pathways and their regu-
lation in oil-producing plants. The production of desirable essential oil composi-
tion will require single or multiple gene transfer. To this end, many obstacles must
be overcome, including a limitation in substrate availability, any undesirable me-
tabolism of the compound of interest, the formation of non-volatile byproducts,
and/or the target compound sequestration which can significantly reduce or pre-
vent volatile release. The biosynthesis and accumulation of volatile compounds in
cell types in which they cannot be stored might potentially cause lethality. The re-
direction of metabolic flux toward a targeted compound may also have a deleteri-
ous effect on the plant as a result of depleting the general precursors required for
normal plant development. Targeting the expression of the introduced gene to the
specific cell and tissue types will require cell- and tissue-specific promoters which
will help to avoid the deleterious effects of engineering on normal plant develop-
ment and to achieve desirable emission. Additionally, transformation techniques
will have to be developed for essential oil-producing plants.
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Ginkgo biloba and Production of Secondary Metabolites

Christine Sohier and Didier Courtois

21.1

Introduction

Biotechnology can be defined as “… the application of science and technology to living
organisms, as well as parts, products and models thereof, to alter living or non-living ma-
terials for the production of knowledge, goods and services” (Organisation for Econom-
ic Co-operation and Development, OECD, updated 2005). Plant biotechnology cov-
ers more precisely the tools for identifying/preserving as well as propagating and
modifying plant/plant tissue to improve their use (for a recent review, see [1]). In
this respect, this chapter reviews the different tools applied to Ginkgo biloba L. (Fig.
21.1).
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Fig. 21.1 Ginkgo biloba leaves. Note: A color version of this figure is
available in the color plate section.
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21.1.1

The Ginkgo biloba Tree

To date, the dioceous tree is the only survivor on Earth of the family Ginkgoaceae
(Ginkgophyta division), which appeared 170 million years ago during the Jurassic
period. Mesozoic ginkgolean megafossils have been recorded [2], and studies have
been conducted on the origin/filiations of different Ginkgo species [3]. For example,
Zheng and Zhou [4] have recently described a new fossilized Ginkgo species, mor-
phologically intermediate between the Jurassic Ginkgo yimaensis and Ginkgo biloba.

As it retains several plesiomorphic reproductive features (multiflagelleted sperm
cells, fertilization occurring after a four month-long development period of the
male gametophyte inside the pollen chamber of the ovule), Ginkgo biloba is not
closely related to any other living plant [5] and is considered to be a “living fossil”
[6]. Ginkgo biloba has received much attention during studies of the molecular evo-
lution of different classes of genes involved in homeosis of the floral system [7]. In
the Ginkgo, only a few relationships of orthology can be established with other
Spermatophyta, showing that duplications probably occurred independently. Nev-
ertheless, the reproductive system represents one of the particular interests for this
tree from the scientific community for decades, initiating early in-vitro cultures,
studying the development of male, female gametophytes and zygotic embryos, (for
reviews see [8, 9]). In-vitro cultures [10] were initiated as early as 1934 [11], followed
for example by those of Tulecke [12], Ball [13, 14], Bulard [15], Rohr [16], and more
recently by Laurain and coworkers [17, 18], or Fontanel and coworkers [19].

21.1.2

Terpenes and Flavonoids

Numerous constituents belonging to four main chemical classes have been identi-
fied in Ginkgo biloba: ginkgolides, bilobalide and other terpenoids, flavonoids, poly-
prenols (mainly in the leaves), and alkyl phenols. Several reviews have been dedi-
cated to this topic [20–24]. Most of the compounds are common to the leaves of
higher plants, with the exception of certain biflavones [25, 26] and the unique ter-
pene trilactones [24, 27–29] (Fig. 21.2). Specific analytical tools have been devel-
oped for the analysis of leaf extracts [24, 29, 30–32], studying not only the terpene
trilactones of Ginkgo biloba but also flavonoids [22].

Both, the mode of action and the adverse effects of these compounds have been
described elsewhere, and will not be developed in depth here. Phenolic com-
pounds such as ginkgolic acids, ginkgols and bilobols [33–35] lead to allergic reac-
tions [36]. 4-O-methylpyridoxine [37], a food poison isolated from the seeds (which
are roasted and eaten in some Asian countries), is a substituted analogue of vita-
min B6 and a potent neurotoxin [38,39].

The main interest in Ginkgo biloba centers on the standardized extracts of leaves.
These contain ginkgolides and bilobalide, flavone glycosides, and proanthocyani-
dins, all of which are effective in the treatment of peripheral and cerebral arterial
disturbances of the blood supply, especially in elderly people [40–45]. Several clini-
cal studies conducted in Europe and the USA have demonstrated the efficacy and
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safety of a standardized extract (EGb 761®) in age-related mild cognitive impair-
ment, as well as in patients with mild to moderate Alzheimer’s disease, whereby
symptom progression was delayed by up to six months [46]. Moreover, experimen-
tal data realized at the cellular level have shown the extract to inhibit the aggregation
and neurotoxicity of beta-amyloid, which is generally considered responsible for
Alzheimer’s disease [47, 48]. Currently, two multicenter clinical studies are being
undertaken in the USA and Europe to confirm the effects of EGb 761 in dementia.

Today, pharmaceutical products from Ginkgo biloba are extensively produced in
Europe, with extracts from the leaves representing one of the five top-selling her-
bal supplements in Europe and the USA [49]. Consequently, industrially controlled
production of the trees is now carried out, with plantations of the Beaufour-IPSEN
and Schwabe groups in France and the USA covering more than 1500 hectares
(Fig. 21.3). These plantations are obtained by sowing seed populations, and not
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Fig. 21.2 The ginkgolides.

Fig. 21.3 A Ginkgo biloba plantation. Note: A color version of this figure
is available in the color plate section.



from selected and propagated elite trees. Currently, about 25 million Ginkgo trees
are pruned and mechanically harvested on an annual basis worldwide [50,51].
Moreover, by complying with conditions of Good Agricultural Practice, the repro-
ducible and controlled production of standardized leaf extracts (EGb 761) is pos-
sible [40, 52, 53].

The intense pharmacological interest in the specific secondary metabolites of
Ginkgo biloba (notably terpenes), the low terpene content (typically <0.1% of the
dried leaves of an adult tree), and problems with their chemical synthesis due to
the complex structure [29, 54–56], has led to intense studies of the sites of metab-
olite accumulation, the biosynthetic pathway(s) involved, and their localization in
the plant tissue. Subsequently, this knowledge can be applied to the development
of biotechnological tools for the selection, multiplication, modification and cultiva-
tion of plants not only for production in the field but also for improved in-vitro cell
and tissue cultures. These points will be outlined and discussed in the following
sections.

21.2

Biosynthesis and Accumulation of Ginkgolides and Bilobalide

21.2.1

Terpene Content and Localization of Biosynthesis

Following elucidation of the structure of ginkgolides [29, 54, 57–61], the presence
of terpenes has been demonstrated in a variety of different plant parts. Highly het-
erogeneous, or even contradictory, data have been reported on qualitative and
quantitative terpene content, with values ranging from nanograms to milligrams
g–1 dry matter of plant material [62–67]. This range of concentrations is due not on-
ly to different plant materials being examined, but also to the different analytical
techniques used. As indicated by several authors [24, 28, 30, 32], the Ginkgo terpene
trilactones are much more difficult to analyze than flavonol glycosides, due main-
ly to their low concentrations and separation problems. Clearly, studies of these
compounds require careful investigation of the correct analytical methods in order
for qualitative and quantitative data to be validated.

Among different parameters, it was suggested that light might influence terpene
accumulation. Flesh and coworkers [68] described seasonal variations in ginkgolide
and bilobalide contents in plants cultivated in a greenhouse (natural light), that
were not observed in plants grown in a climate chamber under conditions of con-
trolled light and temperature. Inoue and coworkers [64] showed that terpene biosyn-
thesis could occur in the darkness, with dark-grown plants showing etiolation but
containing ginkgolides in similar quantities to those grown in the light with green
leaves. Teng [21] and van Beek and coworkers [62] showed that maximal terpene lev-
els occurred in the leaves at the end of summer/early autumn. Such investigations
are valuable from both academic and industrial viewpoints, in order to harvest
leaves at the correct time to produce standardized Ginkgo biloba leaf extracts.
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Hue and Staba [63] suggested that ginkgolides were biosynthesized indepen-
dently in the leaves and roots, but others [65] were unable to elucidate the precise
biosynthetic pathway of terpenes in Ginkgo biloba. The latter group identified the
presence of farnesyl pyrophosphate synthase and geranylgeranyl pyrophosphate
synthase in roots, leaves and barks of young seedlings under controlled culture
conditions, and found biosynthesis to occur mainly in actively growing tissues and
aerial parts of the plant.

Other parameters thought to affect the diversities in ginkgolide and bilobalide
contents of tree include gender, soil, stage of development, age, and natural vari-
ability due to the allogamous status of the plant species. Balz et al. [66] showed that
the tree’s age was a major determinant of terpene content, albeit in four different
ways:

• Leaves from 30-year-old trees contained much smaller amounts of ginkgolides
and bilobalide than 3-year-old cuttings of the corresponding trees (total terpene
contents 0.04–0.54 mg g–1 and 0.89–7.30 mg g–1 dry weight (d.w.), respectively).

• The terpene content decreased with aging (Fig. 21.4), from an average 3.5 mg g–1

d.w. in seedlings aged ≤2 years to <2 mg g–1 dry weight after three years.

• If trees are pruned each year post harvest [51], after 10 years the average terpene
content of leaves was much higher than for non-pruned trees (>5 mg g–1 versus
<2 mg g–1 d.w.) (Fig. 21.5).

• Cuttings from old trees (aged >30 years), and also the progeny of pairs of old
trees, led to young trees with a high terpene content (Fig. 21.6).
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Fig. 21.4 Average concentration of ginkgolides A, B, C as a function
of the age of 2000 commercially exploited trees.



One hypothesis explaining these observations is that, during aging, the ratio
between the volume of sites of accumulation (leaves and roots) and the volume of
the compartment where biosynthesis occurs (suspected mainly roots, see below)
changes. This might lead to a decrease in the terpene content of the leaves, simply
because the root system of old trees is less important and/or less active than the
aerial part [66]. The clear consequence is that young trees or pruned trees have
leaves containing a higher terpene content than old adult trees.

Studies in which seedlings were labeled with 14CO2 showed dehydroabietane to
be a biosynthetic precursor of terpene trilactones [69, 70]. Using (U-14C)glucose,
Cartayrade et al. [69] showed that at least one mechanism of biosynthesis occurred
in the roots, with translocation of terpenes from the roots to the leaves, where they
accumulated. Experiments with in-vitro initiation of roots from leaf fragments also
supported these finding [66, 71]. Nevertheless, Carrier et al. [65] showed that cell-
free extracts from leaves displayed terpenoid biosynthesis, and therefore that bio-
synthetic ability was not restricted to a specific tissue. These apparently contradic-
tory results might, however, suggest the existence of two different pathways for iso-
prenoid biosynthesis.

21.2.2

Biosynthetic Pathway

Until recently, the terpenoid origin of ginkgolides was considered to involve two
precursors – isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate
(DMAPP) – via the so-called mevalonate pathway described by Nakanishi et al. [59].
In 1993, Rohmer et al. identified an alternative mevalonate-independent methyl-
erythritol phosphate (MEP) pathway (also named deoxyxylulose phosphate path-
way) for isoprenoid biosynthesis. This non-mevalonate pathway is present in many
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bacteria and in the chloroplasts of all phototrophic organisms [72, 73]. The conden-
sation of pyruvate and glyceraldehyde 3-phosphate results in 2C-methyl-d-erythri-
tol 2,4-cyclodiphosphate by the sequential action of enzyme activities. This precur-
sor is transformed into DMAPP and IPP simultaneously. Independently, Arigoni
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Fig. 21.6 Correlation between the age, gender and ginkgolide content
of old trees: 15 female (F) and 12 male (M) trees (upper diagram) and
those of young corresponding cuttings (lower diagram).



and Schwarz showed that ginkgolides were biosynthesized mainly through this
new non-mevalonate pathway [74–77].

More recently, this knowledge of metabolic pathways has led to studies on the
cloning of genes linked to the biosynthetic pathways, a useful tool for further im-
provement of the biosynthesis and accumulation of terpene trilactones. For exam-
ple, a cDNA encoding Ginkgo biloba levopimaradiene synthase has been isolated
[78]. More recently, a cDNA encoding farnesyl diphosphate synthase has been
cloned [79]. Cloning of the full-length cDNA encoding geranylgeranyl diphosphate
synthase has been described [80], as has that of 1-deoxy-d-xylulose 5-phosphate re-
ductoisomerase [81], the second enzyme of the non-mevalonate pathway catalyzing
a stage of the MEP pathway for ginkgolide biosynthesis.

The studies of Tang et al. [82], on the cloning of a chlorophyllase cDNA, showed
that the enzyme is responsible for the homeostasis of chlorophylls, but not for the
autumnal coloration. An interesting point would be to examine the relationship
between the expression of this and related enzymes and the accumulation of ter-
penes.

21.3

Biosynthesis of Flavonoids

The flavonoids represent the most common group of polyphenolic plant secondary
metabolites, as they play essential roles in plant growth, development, and defense.
The flavonoids also constitute the other main chemical class of compounds of
interest present in leaf extracts of Ginkgo biloba, contributing for example to free
radical-scavenging activity. Investigations into the flavonoids have led to develop-
ment of a variety of powerful analytical tools [22, 24, 44].

21.3.1

Variations in Flavonoid Content

Seasonal variations of flavonoids have been studied during a complete annual veg-
etative cycle [22, 83] from the early bud stage (March) to the fallen leaves in Novem-
ber. No significant differences in the concentration were found in the evolution. As
with terpenes, many studies of flavonoids have focused on these fluctuations with
regard to the standardization of commercial extracts of the Ginkgo leaves.

21.3.2

Flavonoid Metabolic Pathway

In contrast to terpene trilactones, the biosynthetic pathway of the flavonoids has
largely been described (for a recent review, see [84]). Several studies have shown
chalcone synthase (chs) to be a key enzyme in flavonoid biosynthesis. The chs
genes are expressed in pigmented flowers constitutively, but are also induced by
external stresses. These genes have been largely characterized in the plant king-
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dom, and are structurally conserved. In fact, they represent an excellent model sys-
tem for evolutionary studies, with the full-length cDNA of the chs gene from Gink-
go biloba and its closer relationship with Gymnosperms than with Angiosperms
having been described only recently [85]. Cloning, analysis of genomic sequence
and expression profiles in different tissues have been described [86], all of which
are important for further bioengineering of the flavonoids biosynthetic pathway in
Ginkgo biloba [84].

21.4

Selection of Plants for Terpene Content and Propagation

Although the plant selection and propagation reported here is aimed at the terpene
trilactones (which have been studied in greater depth than the flavonoids), this
general strategy could clearly be applied to the selection and propagation of elite
trees with regard to flavonoids content.

21.4.1

Selection

Besides pure agronomic traits (yield, resistance to pests and diseases), breeders
and industrial users are interested in a good reproducibility of the concentrations
of active compounds and standardized extracts. This can be achieved at the extrac-
tion level [53]. Nevertheless, selection of the correct genotype at an early stage, fol-
lowed by their clonal propagation, is particularly important in terms of cost saving
during the process leading to the end product [87]. In this context, the discovery of
some wild populations of Ginkgo trees has been of major interest, notably when ex-
amining their genetic variability compared to that of cultivated trees. Unfortunate-
ly, the selection of high terpene yield-producing trees has met with a variety of dif-
ficulties in the case of Ginkgo biloba.

Due to its reproductive system, and Ginkgo being a dioceous species, each seed
of a progeny differs genetically from any other, and clearly no degree of autogamy
is possible. Thus, selection is difficult through conventional breeding with back-
crosses due to the long duration of tree development (at least 25 years for seed-to-
seed cycle). This is in addition to the strategy of haplomethods (regeneration of
whole plants from haploid gametic cells in order to save time for producing true F1

hybrid seeds), except perhaps when randomly increasing the variability of the me-
tabolite content [18, 19, 88].

Therefore, the strategy would be to develop studies using natural variability, se-
lecting high-producing trees and propagating selected trees (by cuttings, in vitro
microcuttings, somatic embryogenesis). Unfortunately, very few studies have used
large collections of seedlings, plantlets or adult trees grown at the same location
such that the natural diversity can be evaluated statistically and distinction made
between genetic and physiological parameters in terms of secondary metabolite
content. The ideal experimental design would then be to develop cuttings from dif-
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ferent plants in a multilocation trial. Moreover, the development of new biotechno-
logical tools such as metabolomic studies would allow a new approach to the study
of variability of the selected trees [89].

Balz and coworkers [66] studied a population of 150 ten-year-old trees, cultivated
at the same location. These contained relatively large quantities of total terpenes
(1.85–8.87 mg g1 d.w. compared to <1 mg g–1 in a typical old tree). The variation
(based on the average ± 2SD) was only 5.7-fold, 2.19-fold, 1.92-fold, 0.5-fold, 8.28-
fold, and 2.16-fold for ginkgolide A, B, C, J, bilobalide and total terpenes, respec-
tively, with an identical variation between the different terpenes in each tree. This
means that, ultimately, a very narrow diversity was observed, which was relatively
unexpected considering that a wild dioceous species would most likely be highly
heterozygous. Nevertheless, this small variation might correlate to the fact that
Ginkgo biloba is no longer a wild species (except perhaps in some parts of China);
rather, it is often regarded as a “surviving tree”, due mainly to its being considered
sacred over thousands of years. However, this preservation has also reduced its ge-
netic diversity.

21.4.2

Techniques of Micropropagation

Today, the use of medicinal plants in general is increasing dramatically [87], and
the development of efficient tools for clonal propagation may help to optimize and
control more effectively the production of any given plant species. Micropropaga-
tion by cuttings and microcuttings – which normally is used to multiply selected
plants – has been investigated with Ginkgo biloba [71, 90, 91]. However, despite suc-
cess on a small scale, the propagation rate to date has remained low and not suffi-
ciently economical for application at the field level [52, 71]. Camper et al. [90] have
regenerated shoots from embryo and cotyledon explants, while Choi et al. [91] ob-
tained shoots from immature zygotic embryos, without plantlet development. By
using apical and nodal buds as a starting material, Tommasi and Scaramuzzi [92]
obtained shoot formation (sometimes multiple). For rooting, it is necessary to en-
rich the medium with endosperm extract, but in all these cases it was possible to
induce organogenesis on the different explants and, in some cases, to achieve com-
plete plantlet development. However, these studies are still at an experimental
stage, and further investigations are required for development on a large scale.

21.4.3

Somatic Embryogenesis

An efficient technique for large-scale micropropagation would be the production of
somatic embryogenesis, as described for several plant species, especially trees
[93–95]. Concerning Ginkgo biloba, proembryos have been described, coming from
microspores [17], haploid protoplasts [18], or immature zygotic embryos [96]. Fon-
tanel and co-workers [19] succeeded in inducing embryogenesis from megagamet-
ophyte up to heart-shaped stage.
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As far as we now, no plantlet has been regenerated nor transferred in field
through this technique and consequently any attempt to propagate selected trees
has failed.

20.5

Tissue cultures

Plant tissue cultures have been shown to have potential as a supplement to agricul-
ture for the production of specific compounds such as secondary metabolites [97,
98] or recombinant proteins [99]. In this respect, Ginkgo biloba has for many years
been utilized for studies on biochemical pathways and plant morphogenesis. The
Ginkgo biloba tree is particularly interesting in this respect as tissue cultures from
its pollen were initiated as long ago as 1953 [10, 12]. Shortly thereafter, in 1959, Tu-
lecke and Nickell [100] described one of the first examples of large-scale culture of
plant cells.

21.5.1

Terpene Biosynthesis and Accumulation

During the past 15 years, many investigations have been made into the production
of terpenes by in-vitro plant cell cultures, the aim being to produce a higher terpene
content, as well as a better control and reproducibility compared to the plant in the
field. Cell strains with acceptable growth yield (e.g., ca. 350 g L–1 fresh weight of
nutritive liquid culture medium; 11 g L–1 d.w. within three weeks of culture) can
easily be obtained with culture media currently used in plant cell cultures, com-
bined with different balances of growth hormones [18, 66, 101–105]. As with field
plants, the terpene contents reported in different plant cell cultures have varied
widely, from nanograms to milligrams per gram dry weight. Balz et al. [66] showed
dramatic decreases in terpene content to occur from the third subculture (total ter-
penes 1650 ng g–1 d.w.) of a newly created cell strain up to the seventh subculture
(total terpenes 200 ng g–1 d.w. after one year subcultivation). It is frequently ob-
served that when new plant cell cultures are initiated for secondary metabolite pro-
duction, they remain rather unstable during the first subcultures; hence, 80 differ-
ent cell strains of four-year-old Ginkgo biloba callus cultures were analyzed. The to-
tal ginkgolide contents (A, B, C, and J) ranged from less than 30 ng to 1.8 µg g–1

d.w., but no bilobalide was detected in any of these cell strains. In most reports, the
ginkgolide content was close to these values, or slightly higher [63, 102, 104,
106–108]. Laurain et al. [103] reported total terpene contents (including bilobalide)
of up to 0.87 mg g–1 d.w. in young tissue cultures supposedly transformed by Agro-
bacterium rhizogenes. Agarwal et al. [110] selected cell strains producing bilobalide
as the sole terpene trilactone at approximately 1 mg g–1 d.w., arguing that the gink-
golides might have degraded into bilobalide. Dai and colleagues [111], by perform-
ing single-cell cloning, reported the presence of ginkgolide B at 1 mg g–1 d.w., with
good reproducibility during subcultures, while Zheng et al. [109] described a bio-
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logical method (in addition to the HPLC method) for the detection of ginkgolide B
in root callus cultures.

Park et al. [67] referred to cell cultures containing 600–786 µg g–1 d.w. ginkgolide
A, and 10–35 µg g–1 d.w. ginkgolide B. Total yields of ginkgolides A, B and biloba-
lide with a content greater than 10 mg g–1 d.w. were later reported by the same
group [105], who were dedicated to optimizing production by cell cultures. Al-
though this was the highest content reported to date, no data were provided on the
reproducibility and stability of the selected cell strains.

Regardless of the terpene contents of plants, cells or tissue cultures, the analytical
procedures used must be validated (especially when monitoring low concentrations).
As has been noted previously [24, 28, 32], reports from both industry and academia
are often lacking in adequate validation. For example, some authors used HPLC with
UV detection at 220 nm for the quantitative analysis of ginkgolides and bilobalide.
However, this method of detection is used increasingly less often as the compounds
of interest have very low å-values at a non-selective wavelength of 219 nm [24]. More-
over, even with contents in the range of milligrams per gram d.w., results obtained
to date have not encouraged the economic production of ginkgolides and bilobalide.

The low content of metabolites in undifferentiated cell cultures may reflect the
need for differentiated structures for their biosynthesis and/or accumulation, as
was discussed for the production of secondary metabolites by tissue cultures in
general. Investigations of the secretory apparatus of Ginkgo biloba have also been
made, but these were dedicated to secretory cavities containing phenol lipids, and
not terpenes [112].

One often-cited means of improving secondary metabolite biosynthesis in plant
cell cultures is to use biotic or abiotic compounds acting as elicitors, as well as feed-
ing with precursors (for reviews, see [97, 98, 113]). Very few studies have been ded-
icated to this aspect for Ginkgo biloba cells. The addition of chito-oligosaccharides
to a callus culture of G. biloba led to a 3.5-fold increase in ginkgolides A and B, and
when geranylgeraniol was added the yield of ginkgolides A and B was increased
5.9-fold [108].

Further studies combining the use of these cell cultures with knowledge of the
two biosynthetic pathways, emerging knowledge on the genes encoded for the key
enzymes and, more globally, on the engineering of secondary metabolism might
lead to improvements in the production of the G. biloba terpenes by plant cell cul-
ture. Nevertheless, plant cell cultures of G. biloba represent an attractive tool for
physiological and biochemical studies involved in the large-scale industrial produc-
tion of secondary metabolites.

21.5.2

Flavonoids Biosynthesis and Accumulation

Few attempts have been made to biosynthesize flavonoids, mainly because – in
contrast to terpene trilactones – most are not exclusive to Ginkgo biloba. When pro-
anthocyanidins were produced by tissue cultures of Ginkgo biloba, the content (fla-
van-3-ols and dimers) was found to be much higher in cell cultures than in corre-
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sponding plant leaves [114]. Byun et al. [115] reported the production of flavonol
glycosides (kaempferol, quercetin and isorhamnetin) by callus cultures, but in a
lower yield than in plant leaves (100 mg g–1). More recently, Kim et al. [116] stud-
ied the relationship between the production of flavonol glycosides and phenylala-
nine ammonia-lyase activity in cell suspensions and the synergistic effects of vari-
ous external factors. Fluorescent light and UV radiation were found to increase en-
zyme activity and quercetin and kaempferol production. The addition of precur-
sors, in combination with UV radiation, led to quercetin concentrations up to
0.25 mg L–1, but the use of elicitors (e.g., fungus and heavy metals) led to a dou-
bling of this concentration [117].

The collection of cell strains analyzed previously for terpene production by Balz
et al. [66] was also examined for flavonoids biosynthesis (J.P. Balz et al., unpub-
lished results). HPLC analysis resulted in the detection of mono-or polyhydroxylat-
ed flavones and flavonols, while the presence of aglycones (e.g., quercetin, kaemp-
ferol) following acid hydrolysis proved the existence of combined compounds in
the cell strains. The contents ranged between 10 and 700 µg g–1 d.w., depending
upon the cell strain. These constituents were also detected in the culture medium.

21.5.3

4′-O-Methylpyridoxine (Ginkgotoxin) Biosynthesis and Accumulation

Fiehe et al. [118] studied the biosynthesis of 4′-O-methylpyridoxine using cell cul-
tures of Ginkgo biloba. The pyridoxine ring system of ginkgotoxin was shown to be
synthesized de novo by the cultured cells, with ginkgotoxin most likely derived from
4′-O-methylation of pyridoxine. These authors concluded that G. biloba cell sus-
pension culture might be a suitable system for studying vitamin B6 and/or ginkgo-
toxin biosynthesis.

21.5.4

Biotransformation

A number of biotransformation processes have been developed using G. biloba, the
aim being to increase the production of any given compound, or the biosynthesis
of new derivatives with biological activity. The selective 9α-oxidation by cell sus-
pension cultures of Ginkgo biloba of taxuyunnanine C, a useful intermediate for the
semi-synthesis of bioactive taxoids from Taxus sp., has been described [119]. Previ-
ously, this group reported the biotransformation of taxadiene derivatives by cell
cultures of Ginkgo biloba [120, 121], as well the biotransformation of artemisinin
[122] and santonin [123].

21.5.5

Cryopreservation of Plant Cell Materials

Today, when working with plant cell cultures, the normal approach to preserving
living material for the re-supply of active substances remains regular subculture,
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but this has attendant increased risks of contamination, loss of biosynthetic capa-
bilities, and/or mutagenesis. However, cryopreservation in liquid nitrogen [124]
guarantees the safety and stability of the cell strain, and maintains the growth and
biosynthetic capabilities. In the present authors’ laboratory, success was achieved
with different types of plant materials [125–127], and preliminary experiments
were performed also with Ginkgo cells (C. Sohier and D. Courtois, unpublished re-
sults). G. biloba cell strains re-cultivated after preservation in liquid nitrogen exhib-
ited the same growth rate as non-cryopreserved cells, indicating that cryopreserva-
tion had no adverse effect on cell viability.

21.6

Genetic Transformation and Organ Cultures

Genetically modifying the plant or plant cells represents one means of improving
the production of desired compounds in plant or tissue cultures [128, 129]. Sever-
al reports have been made describing the genetic transformation of Ginkgo biloba
either by Agrobacterium tumefaciens [130] or A. rhizogenes [66, 103, 131–134]. Hairy
roots were obtained using different bacterial strains such as 15834 and R1000 [131]
or A4 [103, 133]. Thus, whilst the ability to genetically modify Ginkgo biloba has
been demonstrated, there is at present no regeneration procedure available, nei-
ther has any transformed whole plant been developed. Nonetheless, the possibility
that terpene trilactones might be synthesized in the roots has raised interest in the
continuous cultivation of roots via the genetic engineering of hairy-root cultures
using A. rhizogenes. As yet, however, no data have been reported on either large-
scale hairy-root culture, nor reproducible data on their terpene trilactone or flavo-
noid contents.

21.7

Conclusions

The Ginkgo biloba tree, after one thousand years of preservation by humans [5],
continues to be used intensively for the pharmaceutical, cosmetic or dietary sup-
plement industries on the basis of its content of a wide variety of secondary metab-
olites. In order to meet demands for standardized, controlled production of the re-
quired metabolites – particularly the unique terpene trilactones and extracts com-
bining these lactones with flavone glycosides [52] – the main strategy is to harvest
the trees’ leaves, and at present this is the sole industrial source. Hence, many
hundreds of hectares of Ginkgo biloba trees are cultivated in France, USA and Chi-
na, and these are pruned annually following the harvest [50, 51].

At present, large-scale in-vitro cell cultures of Ginkgo biloba are unlikely to be an
economically realistic technique of production, unless a major breakthrough is
made in terms of productivity. Nevertheless, these cultures are vital for studies on
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the biosynthetic pathways, biotransformation processes and possible use of hairy-
root cultures.

The selection and propagation of elite trees is likely to be the best strategy to fol-
low, taking into account recent knowledge on the biosynthetic pathways, somatic
embryogenesis, and possible genetic transformation. It would also be interesting
to investigate techniques that generate increased genetic diversity of the metabolite
content (e.g., mutagenesis, induced in-vitro somaclonal variation, genetic engi-
neering). Emerging knowledge on the genes encoding for key enzymes, on tran-
scription factors which control plant secondary metabolism [135, 136], and on the
consequent possibility of engineering of plant secondary metabolism [84, 128],
might lead to improvements in the production of Ginkgo biloba terpenes either by
cultivation of the plant in the field, or by using an in-vitro approach. Whichever
route is taken, new developments are required in terms of the regeneration and
propagation techniques associated with tissue cultures, such as micropropagation
or somatic embryogenesis.
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Production of Paclitaxel in Plant Cell Cultures

Homare Tabata

Abstract

Paclitaxel (Taxol®), which is one of the most exciting antitumor compounds ob-
tained from plant resources, demonstrates antitumor activity by unique mecha-
nisms against cancer cells. This interesting compound is problematic from the
point of its supply due to its very low content in yew tree, such that serious damage
may be inflicted on the yew tree by sampling these plant parts. Plant cell culture
technology is suited to the stable production of small quantities of constituent
compounds such as paclitaxel. Cell suspension culture systems of Taxus species
were established, and several stimulators identified for paclitaxel production, in-
cluding jasmonic acid-related compounds. Methyl jasmonate (MeJA), the most
powerful stimulator of taxane production, up-regulates the mRNA levels of pacli-
taxel biosynthetic enzymes such as geranylgeranylpyrophosphate synthase (GGPS)
and taxadiene synthase (TDS). Recently, the genetic modification of plant cell and
tissue was positioned as a key technology for the high production of active com-
pounds. In the case of Taxus species, many genes encoding enzymes relating to
the production of paclitaxel have been cloned. However, the technology for gene
manipulation of Taxus species is yet to be established. It is possible that phytosul-
fokine-α (PSK-α), an inhibitor of browning reactions, may be utilized for the gene
manipulation.

22.1

Introduction

Paclitaxel, which is known as the anticancer drug Taxol®, launched by Bristol-
Myers Squibb, is the most effective compound derived from plant species for pa-
tients with various tumors, including breast cancer, ovarian cancer, AIDS-related
Kaposi’s sarcoma, and non-small-cell lung cancer [1]. Several unique functions of
paclitaxel against cancer cells have been identified: (i) tubulin stabilization by pro-
moting the assembly of and inhibiting the disassembly of microtubules [2, 3];
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(ii) the effect on cell signaling by the gene expression and activation of MAPKs,
Raf-1, tyrosine kinases, c-Jun NH2-terminal kinase, and nitric oxide synthase
[4–10]; and (iii) the effect on triggering apoptosis through caspase-dependent and
independent pathways [11–15] by regulating the expression of apoptosis-related
proteins such as Bcl-2, Bad, and Bcl-xL [16–20].

After having identified these interesting mechanisms of action, the National
Cancer Institute (NCI) began clinical trials of paclitaxel’s safety and efficacy against
various types of cancer in 1983. The Food and Drugs Administration (FDA) ap-
proved the use of paclitaxel for refractory ovarian cancer in 1992, and for breast
cancer in 1994. Despite increasing demand for paclitaxel, the provision of adequate
supplies of the drug continued to be a major problem. During the early 1990s,
many yew trees were felled with the aim of obtaining paclitaxel for medicinal use,
but this ceased in 1993 on the basis of environmental protection. In the quest for
alternative sources of paclitaxel, several investigations conducted among different
species of Taxus showed that the compound’s distribution was not species-depen-
dent [21]. In terms of its distribution within the plant, paclitaxel concentrations in
the bark and roots were found to be higher than those in the wood, branches, and
needles (i.e., less than 0.05%) [22]. However, it is impractical to collect the bark and
roots on a commercial scale due as this inflicts serious damage on the yew trees
when sampling these plant parts. In an attempt to secure supplies of paclitaxel, a
semi-synthetic commercial production using 10-deacetylbaccatin III from the nee-
dles of T. wallichiana was developed. However, this method faced a similar prob-
lem, namely the supply of 10-deacetylbaccatin III from natural yew tree as the
intermediate of paclitaxel. Although the chemical synthesis of paclitaxel has al-
ready been achieved [23, 24], the procedure is, for reasons of cost, not practical for
the commercial supply of paclitaxel and related taxanes.

On a structural basis, paclitaxel has many chiral centers and a multi-ring struc-
ture in the taxane ring system. Although this makes the chemical process non-fea-
sible, as it requires many reaction and purification steps, a method of producing
paclitaxel by plant cell culture technology might be viable by utilizing a stereoselec-
tive taxane biosynthesis, with sucrose as a carbon resource. Commercial produc-
tion using plant cell culture technology would also correlate well with recent trends
towards “green chemistry”, and consequently many groups have investigated a
paclitaxel production process using Taxus cell suspension cultures [25].

In this chapter, successful examples of paclitaxel production by Taxus cell sus-
pension cultures are described, and the future technology for the useful compound
production originating from plant resources is discussed.

22.2

Plant Cell Culture Technology for Paclitaxel Production

During the past decade, many studies have been reported in which paclitaxel 
has been produced using cell suspension cultures of Taxus species, including 
as T. brevifolia [26–28], T. baccata [29], T. cuspidata [30–34], T. chinensis [35–38],
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T. canadensis [33], T. yunnanensis [39], and T. x. media (a cross of T. baccata and
T. cuspidata) [40–42]. Paclitaxel was detected in almost all Taxus species, with high
concentrations (0.01–0.04%) being found especially in the bark. Paclitaxel has been
reported at up to 0.033% in some samples of leaves and needles, but in general the
content is much lower than that in the bark [43]. Problems arise, however, because
the bark cannot be used for callus formation due to a lack of growing ability, and
consequently the foliage (notably young foliage) was found to be the best plant part
for callus formation of Taxus species. A suitable subculture for the growth of Tax-
us cells was mainly WP [44] or Gamborg’s B5 [45] as a basal medium, supplement-
ed with approximately 10–5 M NAA or 2,4-D [42, 46, 47]. The growth of an estab-
lished cell line was very slow, however, with cell numbers increasing only three- to
fivefold during a 21-day culture period. Hence, it was considered important to
identify stimulators of paclitaxel biosynthesis in order to develop an effective pro-
duction process. The accumulation of paclitaxel and related taxanes in the yew tree
is thought to be a biological response to biotic and abiotic stress such as natural
hormones, nutrients, chemical and fungal elicitors, light, and wounding, as is of-
ten seen in secondary metabolite production. In the case of paclitaxel production
using Taxus cell suspension cultures, a variety of chemical and non-chemical com-
pounds such as fungal elicitor, La3+, temperature shift, silver thiosulfate (STS) as
anti-ethylene compound, and methyl jasmonate (MeJA) as a jasmonate-related
compound, stimulate the production of paclitaxel and related taxanes [33, 36, 38,
39, 42, 47, 48]. Comparisons of paclitaxel productivity in reported cases showed
MeJA to be an especially powerful stimulator of paclitaxel production, with a com-
bination of MeJA treatment and high-density culture system producing 295 mg L–1

paclitaxel in a large-scale culture of T. x. media [47].

22.3

Paclitaxel Biosynthetic Pathway and Related Genes

The paclitaxel biosynthetic pathway comprises four steps:

• supply of geranylgeranyl diphosphate (GGPP);
• taxane-ring formation with taxadiene synthase;
• formation of baccatin III as an important intermediate of paclitaxel biosynthesis;

and
• esterification of the phenylisoserine side chain at the C-13 position of baccatin

III (Fig. 22.1).

In recent years, many genes encoding the enzymes relating to the production of
paclitaxel have been cloned (Table 22.1). It is important to understand the paclitax-
el biosynthetic pathway and its enzymatic regulation in order to accomplish high
productivity of paclitaxel by transgenic technology.

The first step in paclitaxel biosynthesis is the supply of GGPP, which is the uni-
versal intermediate of diterpenoid. Paclitaxel is derived from GGPP, which is
formed by the addition of a further isopentenyl diphosphate (IPP) molecule to
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Fig. 22.1 Biosynthetic pathways of paclitaxel and the related taxanes.
The universal intermediate of diterpenoids (i.e., geranylgeranylpyro-
phosphate; GGPP) is supplied via the non-mevalonate pathway.



farnesyl diphosphate. It has been reported that IPP and the other isoprene unit,
dimethylallyl diphosphate (DAMPP), are supplied via a non-mevalonate pathway
[49]. The gene encoding 1-deoxy-d-xylulose-5-phosphate reductoisomerase (DXR),
which was considered as the key enzyme of the pathway, has already been cloned
[50]. The results of random sequencing of cDNA library from MeJA-treated T. cus-
pidata cells showed that expressed sequence tags (ESTs) encoding GGPP synthase
were quite abundant (14 out of the 8424 ESTs), but that there was only one for IPP
isomerase [51]. With regard to the whole gene of GGPP synthase, full-length
cDNAs have been cloned in T. canadensis and T. baccata [47,52]. In Arabidopsis thal-
iana, the five genes encoding GGPP synthase isozymes were respectively classified
in the types of mitochondria, chloroplast, and endoplasmic reticulum (ER) [53]. In
the case of T. canadensis, only one gene encoding the GGPS (i.e., TcGGPS) has
been reported [52]. In T. baccata suspension cultured cells, two genes encoding the
GGPSs (i.e., TbGGPS1 and TbGGPS2) have been cloned (Fig. 22.2). Comparison
of the deduced amino acid sequence of TcGGPS and TbGGPS1 revealed that only
two amino acid residues differed from each other at the positions not substantial
for enzyme activity, and these have the chloroplast/plastid targeting signal peptide
in their N-terminal regions. In contrast, comparison of the deduced amino acid se-
quence of TbGGPS1 and TbGGPS2 revealed that the amino acid sequences at the
N-terminal region clearly differed one from each other, and the result of iPSORT
searching on the N-terminal region of TbGGPS2 indicated that the region might
be a mitochondrial targeting signal.

The second step in paclitaxel biosynthesis is that of taxane-ring formation – for
example, taxa-4(5),11(12)-diene derived from the substrate GGPP by the taxadiene

51922.3 Paclitaxel Biosynthetic Pathway and Related Genes

Table 22.1 Cloned genes encoding the taxane formation-relating enzymes.

Step Cloned genes encoding paclitaxel biosynthetic enzymes Ref.

Non-mevalonate pathway 1-Deoxy-d-xylulose-5-phosphate reductoisomerase 50

GGDP formation Geranylgeranyl diphosphate synthase 52

Taxane-ring formation Taxadiene synthase 54

Baccatin III formation Taxoid 5α-hydroxylase 60
Taxoid 5-O-acetyltransferase 65
Taxoid 10â-hydroxylase 61
Taxoid 13α-hydroxylase 63
Taxoid 7â-hydroxylase 64
Taxoid 2α-hydroxylase 62
Taxoid 2-O-benzoyltransferase 66
Taxoid 10-O-acetyltransferase 66

C-13 side-chain formation Taxoid 13-O-sidechain transferase 71
Taxoid 3′-N-benzoyltransferase 72
Taxoid 2′-hydroxylase 70
Phenylalanine aminomutase 69

14â-hydroxytaxoid formation Taxoid 14â-hydroxylase 68
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Fig. 22.2 Amino acid sequence comparison of TbGGPS1 and related
GGPSs. The deduced amino acid sequence of protein TbGGPS1,
TbGGPS2 and TcGGPS were aligned. The underlined regions
designated I and II are regions that contain the aspartate-rich DDxxD
motif that have been shown to be important in catalysis.



synthase (TDS) [54]. The DNA sequence of TDS has an open reading frame (ORF)
of 2586 nucleotides, and the deduced polypeptide consists of 862 amino acid resi-
dues with a long plastidial targeting signal sequence at the N-terminus. Sequence
comparison with other diterpene cyclases showed a significant homology. In gen-
eral, all terpene cyclases contain the aspartate-rich DDxxD motif (in some cases,
the aspartate residues replace the glutamate residues), coordinating with divalent
metal ions for substrate binding [55, 56]. The DDxxD motif is important for the cat-
alytic activity of terpene cyclases, since mutagenic analysis of any of the three
aspartates of the DDxxD motif in limonene synthase to either Ala or Glu reduced
the catalytic activity by 1000-fold. In the case of TDS, the DDMAD motif and
DSYDD motif are conserved in its polypeptide structure [54].

It has been reported that the several types of cyclic-diterpenoids (not only the tax-
ane-type but also the abietane-type) were isolated from the bark of T. yunnanensis
and from the callus of T. baccata and T. cuspidata [57–59]. However, according to
the results of chemical analysis in the main constituents produced by MeJA-treat-
ed T. baccata cell suspension cultures, the ten main products were identified as the
taxane-type diterpenoid, and no abietane-type diterpenoid was detected. This is
probably because the taxane-type diterpenoid is the predominant product as com-
pared to the abietane-type diterpenoid in Taxus cells. The gene expression of TDS
was up-regulated by addition of MeJA in Taxus cell culture systems, and so was the
GGPP synthase gene. These results showed that MeJA up-regulates the multi-
steps of the taxane biosynthetic pathway including the key regulatory step, namely
the cyclization of diterpenoid, by TDS.

The third step of biosynthesis is formation of the most important intermediate
(e.g., baccatin III) from taxa-4(5),11(12)-diene. As the result of the multi-step reac-
tions by the site-specific hydroxylases [60–64] and the CoA-dependent acyltransfe-
rases [65–67], baccatin III was formed from taxa-4(5),11(12)-diene as the substrate.
Baccatin III contains oxygen functions at the seven different positions of the tax-
ane-ring. These reactions were catalyzed by cytochrome P450 hydroxylases of
CYP725 family, which are not observed in A. thaliana or Oryza sativa. In T. chinen-
sis cell cultures, the production of C-14 hydroxy-taxane (i.e., taxuyunnanine C),
which is mapped on the side-route of baccatin III formation, was observed, and the
gene encoding taxoid 14â-hydroxylase has been cloned [68]. These results demon-
strated that there are many substrate-specific, uncharacterized P450 oxygenase
genes existing in many plants. During the past decade, although a method to pre-
pare the candidate genes of P450 oxygenases has been developed, it is still difficult
to characterize the function of the translational product.

The final step of paclitaxel biosynthesis is derivatization of the side chain at the
C-13 position of baccatin III. Paclitaxel has a structure of baccatin III with phenyli-
soserine attached to its C-13 position; this derivatization is conducted by various
enzymes, including phenylalanine aminomutase [69] and C-13 side-chain 2′-hy-
droxylase [70]. The phenylisoserine side chain was attached to baccatin III by C-13
phenylpropanoid side chain-CoA acyltransferase [71], followed by N-benzoylation
to complete paclitaxel formation [72].

There are two regulatory steps in the paclitaxel biosynthetic pathway in Taxus
cell suspension cultures; namely, the taxane ring-formation step and the C-13 side
chain-binding step [47].
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22.4

Genetic Modification of Taxus Cells

The genetic modification of plant cells and tissues is seen as one of the key tech-
nologies for the effective production of medicinally active compounds with high
productivity. Many reports have been made on the use of transformed plant cell
and tissue cultures for the production of compounds such as forskolin, tanshi-
none, rosmarinic acid, podophyllotoxin, isoquinoline alkaloids, and ginsenosides
[73–78]. A yet, however, no method of genetic modification on Taxus cells has been
established, most likely due to the cell’s high sensitivity to various types of stress
that leads to cell growth inhibition.

Two general methods are available for plant transformation:
• the Rhizobacterium (otherwise termed Agrobacterium) infection method; and
• the particle bombardment method.

The success of the Rhizobacterium infection method depends on identifying the
correlation between the host plant and the Rhizobacterium strain. It has been re-
ported that the infection of different Rhizobacterium strains induced different types
of hairy-root formation in Panax ginseng. In this method, the roots or the cells must
be washed in the medium containing anti-Rhizobacterium compounds (e.g., cefo-
taxime) following the infection, and this can cause stress to the cell. An incorpora-
tion T-DNA in Taxus cells using this method has been reported [79], but it has be-
come clear that some strains of Taxus cell suspension culture are sensitive to un-
identified stresses, which lead to cell growth inhibition as a result of the browning
component production.

The particle bombardment method is a mechanical process, in contrast to the
Rhizobacterium infection method. For successful transformation using this meth-
od, the cells must be resistant to a physical stress (i.e., wounding by the particle)
and the size of the colonies of the host cells must be optimized for bombardment.

The common key success factor of these two methods is optimization of the cul-
ture conditions for basal cell growth during selection of the transformed cells. In
the case of model plants (e.g., A. thaliana) there is no problem regarding cell
growth inhibition. However, in the case of woody plants (e.g., Taxus sp.) it is diffi-
cult to optimize the condition so that only transformed cells can grow because of
the cell-growth inhibition. Many research groups have encountered this problem
during callus formation. One method often used to overcome this problem is that
of a nurse culture in order to facilitate cell growth. In a recent study, the two active
compounds in the nurse culture were identified as sulfated peptides, namely phy-
tosulfokine-α (PSK-α) and phytosulfokine-â (PSK-â) [80]. The amino acid sequence
of PSK-α is H-Tyr(SO3H)-Ile-Tyr(SO3H)-Thr-Gln-OH, and its active core is the N-
terminal tripeptide H-Tyr(SO3H)-Ile-Tyr(SO3H)-OH, which is equivalent to PSK-â
[81]. PSK-α was found universally in monocotyledons and dicotyledons, and re-
ported to strongly promote the proliferation of plant cells in culture [82, 83]. In ad-
dition to its activity on cell proliferation, PSK-α also shows an inhibitory activity on
the browning reactions (Fig. 22.3) [84]. For this reason, the colonies of transformed
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Taxus cells may be obtained by the addition of compounds such as PSK-α, which
promote cell proliferation and possess inhibitory activity towards the browning re-
actions.

22.5

Future Technology for the Production of Useful Compounds

During the past 30 years plant cell culture technology, in order to produce useful
compounds, has undergone intense investigation. Despite the secondary metab-
olites being the main targets, few successful cases have been reported, due largely
to problems of cost-effectiveness. The best-known, and most successful, example

52322.5 Future Technology for the Production of Useful Compounds

Fig. 22.3 An inhibitory activity on the
browning reactions of Taxus cells by
phytosulfokine-α (PSK-α). (a) Effect of
dimethylsulfoxide (DMSO) (left) and 10–6 M
PSK-α (right) on the browning reaction. 

(b) Effects of PSK-α on cell growth of 
T. baccata cultured cells. (c) Time course
analysis of T. baccata cell suspension cultures
treated with DMSO (�) and 10–6 M PSK-α (�).



is that of paclitaxel (Taxol®) by Bristol-Myers Squibb (BMS), who now produce
Taxol solely via plant cell cultures. In 2004, The US Environmental Protection
Agency awarded Bristol-Myers Squibb a Presidential Green Chemistry Challenge
Award in recognition of its development and use of a more environmentally friend-
ly means of manufacturing Taxol.

In future, plant cell culture technology will surely focus towards green chemis-
try. In recent years, guidelines for Good Agricultural Practice (GAP) have been pro-
vided with the aim of reducing risks and assuring food safety. At the same time,
governmental regulations on pathogenic organisms, non-essential heavy metals
and pesticide or herbicide contaminants in supplemental foods and medicines
have become more strict, such that plant cell culture technology now offers an al-
ternative to existing manufacturing processes. Especially, in the case of extracts or
active ingredients, plant cell culture technology provides many advantages over
plant extraction, not only by reducing risks of contamination but also ensuring
high productivity of the active ingredient.

One other group of compounds produced by plant cell culture technology is that
of “foreign” proteins, such as interleukins, immunoglobulins and hGM-CSF [85,
86], all of which are now produced by genetically modified plant cells. The main ad-
vantage of this approach is that glycoproteins produced in recombinant plant cells
show much greater similarity to their counterparts in terms of N-glycan structure
than do the same proteins produced in yeast, bacteria, or fungi [87]. Although, to-
day no recombinant proteins have (yet) been produced commercially using plant
cell culture technology, recent technological advances in this area will undoubted-
ly lead to this target being realized in the near future.
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Biological Production of Artemisinin for Malaria Therapy

Yan Zhao and Chunzhao Liu

23.1

Introduction

Malaria, one of the most common diseases in tropical countries, afflicts over 500
million people worldwide each year, and is responsible for more than one million
deaths. The widespread resistance of Plasmodium falciparum to quinoline-based
drugs has made the disease difficult to manage, the key problem being an ability to
acquire an effective treatment. Today, however, artemisinin – which is derived
from a Chinese medicinal plant, Artemisia annua L. – has become increasingly
popular as an effective and safe alternative therapy against malaria [1]. Molecular
structural studies have revealed artemisinin to be a sesquiterpene lactone that was
notably unusual in that it contains an endoperoxide moiety (Fig. 23.1). Artemisinin
and its derivatives are effective against multidrug-resistant P. falciparum strains,
mainly in south-east Asia and more recently in Africa, with no reported cases of re-
sistance to date [2].

Artemisinin acts rapidly at the asexual reproductive stages of P. falciparum, when
the parasite is in its most malignant form. Because of an emerging resistance of
P. falciparum to conventional antimalarial drugs (e.g., quinine, chloroquine), sub-
Saharan Africa stands at the edge of a shift in the treatment of malaria, with arte-
misinin-based combination therapy (ACT) being increasingly advocated as the way
forward. Currently, three ACTs are considered as realistic for widespread use,
namely (i) artesunate plus amodiaquine; (ii) artemether-lumefantrine (AL); and
(iii) artesunate plus sulfadoxinepyrimethamine [3].

Currently, a clear understanding of artemisinin’s mechanism of action is an on-
going subject. The specific reaction of artemisinin with translationally controlled
tumor protein (TCTP), inhibition of the sarco-/endoplasmic reticulum Ca2+-
ATPase (SERCA) orthologue (PfATP6) of P. falciparum, and inhibition of P. falcip-
arum cysteine proteases each having been proposed as contributing towards the
drug’s antimalarial activity [4, 5]. Artemisinin has been shown selectively to kill
cancer cells. Indeed, in a recent study a combination of dihydroartemisinin (DHA,
an artemisinin analogue) and butyric acid at low doses proved highly effective at
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killing cancer cells, thereby offering less-toxic, inexpensive and effective cancer
chemotherapy [6].

Artemisia annua, which belongs to the Asteraceae family, is an annual herb that
grows naturally as a part of steppe vegetation in northern regions of China at
1000–1500 m above sea level [7]. The plant is single-stemmed, has alternate
branches, and reaches more than 2 m in height. The isolation and characterization
of artemisinin from A. annua is considered to be one of the most novel discoveries
in recent medicinal plant research [8] such that, today, artemisinin and its deriva-
tives are considered by the World Health Organization (WHO) to be part of the
ideal strategy for malaria in Africa. Because artemisinin production via organic
synthesis is very complicated, with low yields and high cost [9], many research
groups have focused their attention on enhancing the production of artemisinin in
cell/tissue culture or whole plants of A. annua. In addition, recent efforts to pro-
duce artemisinin have included the use of recombinant bacteria and fermentation.

23.2

The Biosynthesis of Artemisinin

Artemisinin is an endoperoxide sesquiterpene lactone which belongs to the iso-
prenoid group of compounds. The isoprenoid pathway is one of the most impor-
tant biosynthetic pathways in plants, and although the complete biosynthetic path-
way of artemisinin has not been established, some biosynthetic steps have been
elucidated, both in vitro and in vivo. In 1987, Akhila et al. [10] proposed a complete
biosynthetic pathway for artemisinin, starting from mevalonic acid and isopente-
nyl pyrophosphate (IPP). The following biosynthetic pathway was suggested: far-
nesylpyrophosphate (FPP) → germacrane skeleton → dihydrocostunolide → cadi-
nanolide → arteannuin B → artemisinin. Since, in A. annua, the content of arte-
misininic acid is eight- to tenfold that of artemisinin, it has been suggested that ar-
temisinic acid might be a possible biosynthetic precursor for both arteannuin B
and artemisinin. Sangwan et al. [11] reported the transformation of artemisinic ac-
id to arteannuin B and artemisinin both in vivo and in a cell-free system, while oth-
ers converted artemisinic acid to artemisinin B by single oxygen generated through
sensitized photo-oxygenation [12]. Wallaart et al. [13, 14] isolated dihydroartemisin-
ic acid and dihydroartemisinic acid hydroperoxide in A. annua, with yields of 66%
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Fig. 23.1 The chemical structure of artemisinin.



and 29%, respectively. Dihydroartemisinic acid could be chemically converted to
artemisinin under conditions that also may be present in the living plant. The pres-
ence of dihydroartemisinic acid hydroperoxide and dihydroartemisinic acid in the
plant and the conditions under which dihydroartemisinic acid can be converted
into dihydroartemisinic acid hydroperoxide (which can very easily be oxidized to
artemisinin) provide evidence for a nonenzymatic, photochemical conversion of
dihydroartemisinic acid into artemisinin.

Recently, a reasonably clear picture of artemisinin biosynthesis has emerged, as
shown schematically in Figure 23.2. The identity of amorpha-4,11-diene as a bio-
synthetic intermediate was established, based on the presence of traces of amor-
pha-4,11-diene in A. annua extracts, and the cloning and expression of cDNA rep-
resenting amorpha-4,11-diene synthase. Bertea et al. [15] identified intermediates
and enzymes involved in the biosynthesis of artemisinin in A. annua; these au-
thors hypothesized that the early steps in artemisinin biosynthesis involved amor-
pha-4, 11-diene hydroxylation to artemisinic alcohol, followed by oxidation to ar-
temisinic aldehyde, reduction of the C11–C13 double bond to dihydroartemisinic
aldehyde, and oxidation to dihydroartemisinic acid. A cDNA clone encoding a cyto-
chrome P450, a multifunctional sesquiterpene oxidase, designated CYP71AV1,
was characterized to catalyze the oxidation of the biosynthetic intermediates amor-
pha-4, 11-diene, artemisinic alcohol and artemisinic aldehyde in 2006 [16].

23.3

The Biological Production of Artemisinin

23.3.1

Artemisinin Production by Plants

The commercial sources of most artemisinin are from the field-grown leaves and
flowering tops of A. annua. The production of artemisinin is subject to seasonal
and somatic variation, in addition to infestations by bacteria, fungi and insects that
can each affect the functional medicinal content of the plant [17, 18]. The total or-
ganic synthesis is very complicated, has low yields, and is therefore economically
unattractive [19, 20]. In view of these problems, artemisinin production using in-
vitro plant tissue culture has been considered an interesting alternative, and the
biosynthesis of artemisinin in-vitro was subsequently detected in callus, suspen-
sion cells, shoot, and hairy root cultures [21–27].

A certain degree of differentiation is necessary for the biosynthesis of artemisi-
nin in A. annua. No artemisinin was detected in cell suspension cultures of A. an-
nua, whereas trace amounts were found in the multiple shoot cultures [28]. Woer-
denbag et al. [29] reported a high percentage of artemisinin content in A. annua
shoots cultured on 1/2 MS medium supplemented with 0.05 mg L–1 naphthalene
acetic acid (NAA), 0.2 mg L–1 benzyl adenine (BA) and 2% sucrose. The flowering
of A. annua was observed in vitro by supplementing with gibberellic acid (GA3),
whereby the artemisinin content reached 0.1% in A. annua plantlets, with the
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highest content being observed in plantlets while in full bloom [30]. In general, ar-
temisinin was not detected in the root parts of the A. annua plant, though removal
of the roots from A. annua plants was shown to reduce the artemisinin content [31,
32].

Attempts were also made to improve artemisinin production by optimizing the
chemical and physical environmental factors. The ratio of NO3/NH4 and total in-
itial nitrogen concentration influenced the artemisinin yield of hairy roots [33].
Typically, with a NO3/NH4 ratio of 5 : 1 (w/w), the optimum concentration of total
nitrogen for artemisinin production was 20 mM. At this concentration, artemisi-
nin production was 57% higher than in the standard MS medium. The growth of
hairy roots in the medium containing sucrose (3.99 g L–1 dry weight) was equiva-
lent to that in a medium containing fructose (3.75 g L–1 dry weight), and signifi-
cantly better than in a glucose-containing medium (2.16 g L–1 dry weight). More-
over, the hairy roots grown in glucose showed a dramatic stimulation in artemisi-
nin content which was threefold and twofold higher than in media containing su-
crose or fructose, respectively [34]. A combination of BA and kinetin (KT) increased
the yields of artemisinin in shoots in vitro by 3.6- and 2.6-fold, respectively [35].
GA3, a plant hormone that can induce blooming, has been reported to improve
growth and artemisinin biosynthesis in shoot cultures, root cultures and plantlets
of A. annua [36–39]. Liu et al. monitored the effects of light irradiation on growth
and artemisinin production of hairy root cultures of A. annua L. [40]. These au-
thors found that an illumination of 3000 Lux for 16 h (using cool-white fluorescent
lamps) led to the hairy root cultures producing 13.8 g L–1 dry weight, and a concen-
tration of 244.5 mg L–1 artemisinin. Likewise, the group of Wang et al. [41] also
showed that light conditions could influence the biomass and artemisinin content
of hairy root cultures, with the highest biomass (5.73 g L–1 dry weight) and artemis-
inin content (31 mg g–1) being obtained under red light (wavelength 660 nm); these
values were, respectively, 17% and 67% higher than those obtained under white
light. Temperature effect on growth and artemisinin biosynthesis in cultured
A. annua L. hairy roots was investigated over a range of 15 to 35 °C by Guo et al.
[42]; maximum growth was found to occur at 25 °C, though the highest artemisinin
content was observed at 30 °C.
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Fig. 23.2 The proposed pathway of artemisi-
nin biosynthesis. CMK: 4-(cytidine 5′-diphos-
pho)-2-C-methyl-d-erythritol kinase; CMS: 2-
C-methyl-d-erythritol 4-phosphate cytidyl
transferase; DXR: 1-deoxy-d-xylulose 5-phos-
phate reductoisomerase; DXS: 1-deoxy-d-xylu-
lose 5-phosphate synthase; FDS: farnesyl
diphosphate synthetase; GPPS: geranyl diph-
osphate synthase; HMGR: 3-hydroxy-3-meth-

ylglutaryl coenzyme A (HMG-CoA) reductase;
HMGS: HMG-CoA synthase; IDS: isopentenyl
diphosphate synthase; MCS: 2-C-methyl-d-
erythritol 2,4-cyclodiphosphate synthase;
MDD: mevalonate diphosphate decarboxy-
lase; MK: mevalonate kinase; MPK: mevalo-
nate-5-phosphate kinase; SES: sesquiterpene
synthase.



Although the relatively low yield (0.01–0.6%) of artemisinin in A. annua greatly
limits the commercialization of the drug, alternative approaches such as chemo-
synthesis, conventional breeding of high artemisinin-yielding plants and selection
techniques have not been successful. During recent years, much progress has been
made in the molecular regulation of artemisinin biosynthesis [43], notably in the
production of transgenic plants of A. annua, thereby ensuring a consistently high
production of artemisinin by overexpression of enzymes in the terpene biosynthet-
ic pathway, or by inhibiting an enzyme of another pathway competing for artemis-
inin precursors. The genes of the key enzymes involved in the biosynthesis of arte-
misinin, such as farnesyldiphosphate synthase (FDS), amorpha-4,11-diene syn-
thase (AMDS), and those of the enzymes relevant to the biosynthesis of artemisi-
nin (including squalene synthase; SQS) have been cloned from A. annua [44–47].
The enzyme involved in the biochemical transformation of arteannuin B to arte-
misinin was purified by Dhingra and Narasu [48]. By using genetic engineering, it
is possible to overexpress the key enzymes involved in the biosynthesis of artemis-
inin, and in this way its production could be significantly enhanced in a transgen-
ic, high-yield A. annua. The development of a new strain of A. annua which had
been genetically engineered for increased production of artemisinin, yet could be
grown as a cropping plant in areas where the drug was required, would be of great
value.

In 1994, hairy root was induced from A. annua with Agrobacterium rhizogenes
[49,50]; furthermore, the factors influencing A. rhizogenes were optimized in the
transformation system, and a clone with high artemisinin content of 1.195 mg g–1

dry weight was obtained [51, 52]. In 1996, Vergauwe et al. [53] developed an Agro-
bacterium tumefaciens-mediated transformation system for A. annua L. plants with
high transformation rates. The artemisinin content in the leaves of the regenerat-
ed plant was 0.17% dry weight, slightly higher than that present in the leaves of
normally cultured plants (0.11% dry weight). In 1998, the same group investigated
the factors influencing A. tumefaciens-mediated transformation of A. annua,
including the age of the explant, the A. tumefaciens strain, and the plant genotype
[54]. In 2005, Han et al. [55] established a system of higher efficiency of genetic
transformation and regeneration of A. annua via A. tumefaciens. The factors inves-
tigated included the composition of the infecting bacterium suspension, methods
of co-cultivation, and the co-cultivation period. By optimizing the transformation
system, the transgenic frequency of fascicled shoots reached 4 to 10%. In 1999,
Chen et al. [56] reported the transference of a green fluorescent protein (GFP) re-
porter gene into A. annua with A. tumefaciens and the regeneration of transgenic
plants. These authors found that artemisinin production by shoot cultures induced
from flower organ explants was twofold that from the leaves [57].

Artemisinic acid, which has a cadinene structure, is a precursor of artemisinin.
In 1998, Chen et al. [58] transformed a cotton cadinene synthase cDNA into the leaf
explants of A. annua using A. rhizogenes, and showed artemisinin accumulation to
be enhanced in the transgenic plantlets. In the isoprenoid biosynthesis pathway,
farnesyl diphosphate synthase (FDS) catalyzes the condensation of IPP with di-
methylallyl diphosphate (DMAPP) [59]. Recently, cDNAs encoding FDS have been
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isolated from a number of plant species, including Arabidopsis thaliana [60] and
Lupinus albus [61]. Because 15-carbon FPP can be catalyzed by sesquiterpene cy-
clases to form cyclic sesquiterpenoids, the overexpression of FDS by the introduc-
tion of a foreign gene into A. annua provides the possibility of enhancing the accu-
mulation of artemisinin. A cDNA encoding cotton FDS placed under a CaMV 35S
promoter was transferred into A. annua via A. tumefaciens strain LBA 4404 or
A. rhizogenes strain ATCC 15834 by Chen et al. [62]. In the transgenic plants, the
concentration of artemisinin was approximately 8–10 mg g–1 dry weight, which
was about two- to threefold higher than that in the control.

23.3.2

Artemisinin Production by Microorganisms

Because plant tissue extractions typically yield low terpenoid concentrations, many
research groups have sought alternative methods to produce terpenoid com-
pounds in a microbial host. Several have described engineering of the 1-deoxy-d-
xylulose 5-phosphate (DXP) pathway to increase the supply of isoprenoid precur-
sors needed for high-level production of carotenoids in Escherichia coli [63–65]. Bal-
ancing the pool of glyceraldehyde-3-phosphate and pyruvate, or increasing the ex-
pression of 1-deoxy-D-xylulose 5-phosphate synthase (DXS; encoded by the gene
dxs) and IPP isomerase (encoded by idi), resulted in an increased carotenoid build-
up in the cell. Martin et al. [66] engineered the expression of a synthetic amorpha-
4,11-diene synthase gene and the mevalonate isoprenoid pathway from Saccharo-
myces cerevisiae in E. coli. Concentrations of amorphadiene, the sesquiterpene ole-
fin precursor of artemisinin, reached 24 µg caryophyllene equivalent mL–1. Al-
though the total biosynthesis of artemisinin was not achieved, the engineered bio-
chemical pathway could be extended to produce artemisinic acid which could then
be converted easily to artemisinin by chemical synthesis. The simultaneous expres-
sion of a synthetic amorphadiene synthase gene in the engineered strain resulted
in high-level production of amorphadiene and alleviated growth inhibition. Be-
cause IPP and DMAPP are the universal precursors to all isoprenoids, the strains
reported could serve as platform hosts for the production of any terpenoid com-
pound for which the biosynthetic genes are available.

In order to develop more potent antimalarial agents with improved stability, tre-
mendous efforts have been made towards structure modification of artemisinin
and analogue synthesis. Due to the difficulties of structural modification by con-
ventional chemical methods, microbial transformation may serve as a valuable tool
and, to date, a number of oxidating products of artemisinin at different positions
of artemisinin structure have been reported. These transformations include con-
version to 3α-hydroxy-deoxyartemisinin and deoxyartemisinin; conversion to 9â-
hydroxy-artemisinin and 3α-hydroxy-artemisinin; and conversion to 10-hydroxy-
artemisinin and 9â-hydroxy-11α-artemisinin. In addition, microbial transforma-
tions on artemisinin analogues, such as artemether, arteether, artemisitene, and
12-deoxoartemisinin, have been reported to produce oxidative products by differ-
ent microorganisms [67].
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23.3.3

Artemisinin Production in Bioreactors

Bioreactor technology is regarded as a key factor for the realization of commercial
production of phytochemicals from in-vitro plant tissue cultures [68]. It is neces-
sary to select a bioreactor configuration that will provide adequate biological re-
quirements and engineering needs for large-scale plant cell culture. Recent studies
on the production of artemisinin by hairy roots and shoots of A. annua L. in bio-
reactor systems will be outlined in this section.

Hairy root cultures provide a very promising alternative to the biotechnological
exploitation of plant cell cultures. Their characteristic capacity for secondary metab-
olite production, inherent genetic stability reflected in stable productivity, and the
possibility of genetic manipulation to increase biosynthetic capacity have initiated
considerable interest, both as a fundamental research tool and as a source of valu-
able products. Owing to the unique configuration of hairy roots with their branch-
ing nature, one of the most important limitations for the commercial exploitation of
hairy roots is the development of technologies for large-scale culture. In this re-
spect, some specific engineering aspects of bioreactor design should be considered,
including a support matrix to support the roots, protection from shear stress, homo-
geneous growth distribution, and oxygen transfer enhancement in the root matrix.

In 1998, our research group developed several different types of bioreactor to
produce artemisinin from A. annua L. hairy roots, and compared root growth and
artemisinin accumulation in the bubble column, modified bubble column, and
modified inner-loop airlift bioreactor with three stainless steel meshes with 2-mm
pore size fixed along the height of the column [69]. Experimental results showed
that the hairy root cultures in the modified inner-loop airlift bioreactor grew more
homogeneously between the two meshes than those in other bioreactors. The
growth rate of the hairy roots and productivity of artemisinin were higher than
those in flasks. For hairy root culture of A. annua L., the modified airlift bioreactor
can improve the transfer of nutrient medium and supply of oxygen, and increase
the homogeneity of hairy root growth [70]. In the bioreactor, hairy root cultures
were progressively attached to each mesh and grew homogeneously in all direc-
tions, such that the bioreactor was full after 20 days (Fig. 23.3). The optimum op-
erational conditions are important for hairy root cultures of A. annua L. in bioreac-
tors, as they influence the growth rate, the maximum biomass, and artemisinin
production. In the airlift bioreactor, the volumetric gas flow rate is a particularly
important parameter affecting oxygen transfer rates, degree of turbulence, and
broth recirculation rates. The biomass formation and artemisinin accumulation of
A. annua L. hairy root was increased in line with increases in air flow rate. A max-
imum artemisinin production of 557 mg L–1 in A. annua L. hairy root cultures was
achieved after 20 days at an optimum air flow rate of 3.0 dm3 min–1 under light ir-
radiation (16 h day–1) and temperature 28 °C. The increase in air flow rate in the bi-
oreactor improves transfer of the nutrient medium and supply of oxygen within
the dense hairy root cultures, and thereby enhances the growth and artemisinin
production of A. annua L. hairy root cultures. Kim et al. [71] also reported a higher
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artemisinin content of A. annua L. hairy roots in mist reactors than in bubble col-
umn reactors, due to increased oxygen availability.

Recently, Weathers’ research group developed a nutrient mist bioreactor using
ultrasonic transducers that produced almost three times as much artemisinin as
hairy roots grown in bubble column bioreactors [72,73]. In order to improve the ar-
temisinin content, the mist cycle, carrier gas, and nutrient compositions were op-
timized. In 2003, Souret et al. [74] investigated the expression levels of four key
terpenoid biosynthetic genes – HMGR, DXS, DXR, and FDS (see Fig. 23.2) – in a
mist reactor, though a combination of multiple factors was also involved. In fact, a
combination of multiple factors, including environment, development, and meta-
bolic situations, was found to affect gene expression. This emphasized the need to
use genomic and proteomic tools to provide a more rapid and global survey of
genes relevant to the scale-up of in-vitro cultures to reactors.

23.3.3.1 Production of Artemisinin from A. annua L. Shoots in a Nutrient Mist 
Bioreactor

Some experimental bioreactors for shoot cultures have been developed with the
aim of reducing production costs while maximizing plant growth. However, the

53723.3 The Biological Production of Artemisinin

Fig. 23.3 A modified airlift bioreactor for artemisinin production from
A. annua L. hairy root culture. Note: A color version of this figure is
available in the color plate section.



use of bioreactors for large-scale cultivation has been limited due to high costs and
abnormal shoot morphogenesis associated with liquid culture. Most shoot cultures
are sensitive to shearing stress, and tend towards vitrification when in liquid cul-
ture over a prolonged period [75, 76]. Since its first development, the ultrasonic nu-
trient mist culture system has been the subject of numerous studies. Compared to
a culture in a solid medium, the mist system has several potential advantages,
most notably improved diffusion of gas and nutrients, as well as superior absorp-
tion of nutrients by the plant tissues.

A nutrient mist bioreactor was developed for shoot cultures of A. annua L.,
which incorporated a fine distribution of mist, an increased utilization rate of bio-
reactor space, and an ability to separate the mist generation and aeration process
[77]. In the bioreactor, the mist flux mainly arises along the concentric draught-
tube, but then overflows the top and holes of the draught-tube and passes down
along the annulus. After 2 min, the nutrient mist was seen to fill the bioreactor, but
when the mistifier was switched off the mist became thinner and disappeared
within 5 min. Increased intensity and improved homogeneity of the nutrient mist
were obtained without the air supply during misting periods. During the intervals
without mist, the air supply could satisfy the requirements of the shoot culture,
while the loss of nutrient mist caused by the air entrainment was avoided by separ-
ating the mist generation and aeration processes.

The growth of shoots was improved significantly in the bioreactor when the liq-
uid nutrient was converted to the mist form and subsequently delivered efficiently
to each part of the shoot culture. Serious vitrification of the shoot cultures was
avoided because they were exposed directly to gas phase in the nutrient mist bio-
reactor. In the mist bioreactor, the misting cycle (the time of misting ON, followed
by time of misting OFF) is a key parameter affecting nutrient supply, environmen-
tal humidity and oxygen transfer rate. A misting cycle of 3:90 (min:min) proved to
be more effective than other cycles for obtaining maximum growth and artemisi-
nin production of shoot cultures of A. annua L.. Simply increasing the mist duty
cycle actually reduced the reactor performance. Artemisinin production reached
48.2 mg L–1 after 25 days in the mist bioreactor which provided an excellent gas
phase environment, lesser physical stress, and sufficient nutrient supply for both
shoot growth and artemisinin biosynthesis (Fig. 23.4).

The importance of the mist reactor may lie not in absolute biomass production,
but rather in providing a reactor environment that stimulates specific secondary
metabolite production. Artemisinin is a sesquiterpene lactone endoperoxide found
mainly in the aerial parts of A. annua plants, and contains the therapeutically active
endoperoxide bridge. The biosynthesis of artemisinin requires a considerable in-
volvement of oxygen, and its greater production by A. annua L. shoot cultures in
the nutrient mist bioreactor may, in part, be due to improved oxygen availability.
These results not only provide a potential alternative for artemisinin production by
shoot cultures of A. annua L. in bioreactor systems, but also permit the rapid mass
propagation of individual plant selections in an effective reactor system.

The relatively low yield (0.01–0.8%) of artemisinin in A. annua represents a seri-
ous limitation to the commercialization of the drug, and consequently an en-
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hanced production of artemisinin, either in cell/tissue/organ culture or in the
whole plant, would be highly desirable. Hence, the large-scale cultivation of A. an-
nua L. tissues in a bioreactor system, in combination with genetic engineering
tools to overexpress artemisinin biosynthesis, should open up a bright future for
artemisinin production.

23.4

Outlook

During the past 25 years or so, a number of significant advances have been made
in the control of malaria, with the discovery of artemisinin and its analogues as po-
tent anti-malarial agents being of major importance [78]. Hence, numerous inves-
tigations are currently being aimed at elucidating the drug’s mechanism of action,
at determining its efficient clinical use, and at discovering new drugs with even
better pharmacological properties [79]. Many advances have also recently been
made in identifying molecular markers for predicting in-vitro and in-vivo resistance
to malaria in south-east Asia [80]. Artemisinin-based combination therapies are
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Fig. 23.4 A nutrient mist bioreactor for artemisinin production from
A. annua L. shoot cultures. Note: A color version of this figure is
available in the color plate section.



much more expensive than the older drugs, due mainly to the relatively low yields
of the drug from A. annua. Hence, much effort has been made to enhance the pro-
duction of artemisinin, both in vivo and in vitro, by the use of biotechnology. Al-
though viable methods of increasing artemisinin contents (e.g., A. annua organ
culture, hormone medium and metabolic manipulation) have been investigated –
and indeed have shown potential for future development – none of the improve-
ments delivered by these methods has yet proved sufficient to meet demands. In
order to increase the yield of artemisinin by biotechnological means, it is necessary
first to study the relevant enzymatic pathway, and enzymes and precursors in-
volved in artemisinin biosynthesis must be isolated and characterized. In recent
years, many research groups have focused their efforts on the molecular regulation
of artemisinin biosynthesis, and on the genes coding for the key enzymes involved
in the process. The high efficiency of genetic transformation and regeneration pro-
cedures allows the manipulation of artemisinin biosynthesis by genetic methods.
Although greatly improved yields have been obtained by combining the expression
of a synthetic sesquiterpene synthase with a recombinant mevalonate pathway, it
is likely that a maximum yield was still not attained. Furthermore, in-vitro evolu-
tion and combinatorial biosynthesis of sesquiterpene biochemical pathways in mi-
crobes may lead to artemisinin derivatives, or perhaps new sesquiterpenes. Bio-
reactor technology is essential for the large-scale production of artemisinin; how-
ever, whilst many different types of bioreactor have been investigated, the relevant
data relating to oxygen and nutrient transfer, hydrodynamic behavior and mixing
characteristics in plant organs and tissue culture are limited. With the develop-
ment of molecular techniques, however, a bioreactor which employs microbial fer-
mentation will doubtlessly emerge in the near future. In this regard, studies of ge-
netic engineering to increase artemisinin content, and of novel bioreactors to pro-
duce artemisinin on a large scale, are urgently needed.
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Candida 50
Candida albicans 58, 61–62
Candida tropicalis 60
(S)-canhadine   221
cannabinoids   390
Cannabis sativa 84
– photoperiodic reactions   437
canola
– chimeric plant   412
– glyphosate-resistant   412
cantharidin   100
capillary electrophoresis (CE)   11, 14
CAPS (cleaved amplified polymorphic

sequences)   79
capsaicin   190
Capsella rubella 205
Capsicum annum 190
capsidiol   238



548 Subject Index

carbohydrates   99
cardenolides   111
– shoot cultures   173
cardiac arrhythmia   272
cardiac glycosides   100, 105
carene   473
CaroRx   336
â-carotene pathways   302
carotenoid biosynthesis
– geranylgeranyl diphosphate synthase

(CrtE)   302
– phytoene synthase   302
carotenoid pigments   209
carotenoids   302–304
carrot, production of vaccines   329
Carum carvi 478
(+)-trans-carveol dehydrogenase   478
caryophyllene sesquiterpenes   59
Castanospermum australe 178
catechins   105
catechol-O-methyltransferase   110
Catharanthus 259
Catharanthus roseus 75, 119, 145, 178, 190,

196, 223, 269, 292, 387, 427
Catharanthus AP2-domain proteins   257
cathenamine   145, 291
cauliflower mosaic virus   330
CBD   see Convention on Biological Diversity
Celastraceae   111
celery flavor   166
cell cultures   269
– growth   175
– metabolite production   175
– productivity   178
cell death   113
cell wall
– cephalosporin   104
– penicillin   104
– vancomycin   104
cell-cell adhesion   132
cell-free systems   138
cell-lift bioreactor   137
cellulase   426
Cephalis acuminata 119
Cephalopoda   100
Cephalotaxus harringtonia 119
Ceratocystis ulmi 62
cesalin   119
cetyltrimethylammonium bromide 

(CTAB)   75
cgl mutant   359
chalcone   216, 305
chamomile
– Bodegold   426

– Zloty lan   426
chaperones   331, 347, 348
chavicol   216, 476, 478
chavicol O-methyltransferase (CVOMT)   219
Cheiranthus 111
chemical defense   103
chemostat   176
Chilopoda   100
chinese hamster ovary (CHO)   323
Chinese medicinal plants   81
chlorophyll   209
chlorophyllase cDNA   500
chloroplast   79, 331
– transformation   331
CHO   see chinese hamster ovary
cholera   331
Chondrichthyes   100
chorismate synthase (CS)   140
chorismic acid   139
chromosome mutation   426
ciddi   191
ciguatoxin   99, 105
cinnamic acid   132, 139
trans-cinnamic acid   305
Cinnamomum zeylanicum 63, 480
cinnamoyl-CoA reductase, Lolium perenne

138
cinnamoyl-CoA reductase (CCR)   140
cinnamyl alcohol dehydrogenase (CAD)

139–140
cis-isopulegone   213
citral   473
Clarkia breweri 389, 477
clonal breeding
– Baptisia tinctoria 432
– Mentha x piperita 432
– micropropagation   432
– vegetative propagation   432
Cnidaria   100
coagulation factor VIII   355
cobalt chloride   135
cocculidine   119
Cocculus sp.   119
coclaurine   294
(S)-coclaurine   221
codeine   294
– engineered medicinal plants   388
codeinone   294
colchicines   105, 114, 119
Colchicum autumnale 119
Coleus bluemii 269
Colletotrichum 61, 442
Colletotrichum gloeosporioides 61
columbamine   221
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combinatorial biochemistry   257
combinatorial biosynthesis   5–6
combinatorial synthesis   52
Community Plant Variety Office   404
compartmentation   258–259
condensed tannins   305
cone shells   100
confectionary   469
coniferin   132
coniferyl alcohol   132, 139, 216
coniferyl aldehyde   216
conotoxins   100, 105
constipation   279
constitutive promoters   385
contact toxicity   480
continuous culture   127
Convallaria 111
Convallariaceae 111
Convention on Biological Diversity 

(CBD)   403
Convolvulaceae 253
– calystegines   251
syn-Copalyl diphosphate   210
Coptis japonica 178, 190, 196, 269
– S-adenosyl-l-methionine:columbamine 

O-methyltransferase (CoOMT)   220
– berberine   223
– cDNA   220
– cell culture   220
– 3’-hydroxy-N-methylcoclaurine 4’-O-

methyltransferase (4’OMT)   220
– O-methyltransferase-like cDNA   220
– O-methyltransferases   220
– norcoclaurine 6-O-methyltransferase

(6OMT)   220
– scoulerine 9-O-methyltransferase 

(SOMT)   220
corals   100
core-α-1,3-fucosyltransferase   350
Coriandrum sativum 430
coronamycin   63–64
corydaline   269
– analysis   272–273
– production   272–273
Corydalis 272
Corydalis yanhusuo 269, 272–273, 273
Corylus avellana 66
cosmetics   469
cotton, production of vaccines   329
coumaric acid   132, 139
p-coumaric acid   305
coumarins   99
p-coumaroyl-CoA   305
Council of the European Union   404

CR377   60
Crassulaceae 111
Crocosimia crocosmiiflora 119
crossing progenies   423
cross-pollinating   328
Crotalaria assamica 119
crotepoxide   119–120
Croton cajucara 479
Croton macrostachys 119
crown galls, Agrobacterium tumefaciens 169
cryopreservation   169, 505
– two-stage freezing   170
– vitrification   170
cryptocandin A   58
cryptocin   59
Cryptococcus 50
Cryptococcus neoformans 62
Cryptosporiopsis 58, 59
cryptotanshinone   270, 271
– callus cultures   278–279
cucurbitacin E   119
cultivars, breeding aim   418
culture
– pectinase   126
– polyvinylpyrrollidone (PVP)   126
in-vitro cultures
– cell suspension cultures   170
– permanent   170
– root cultures   171
Curcuma 73
Curcuma longa 75
C-values   431
cyanobacteria   99
cyanogenic glycosides   99–100, 110
cycasin   103, 112, 112
cyclases   145
Cyclea peltata 119
â-cyclodextrin   132, 136
ã-cyclodextrin   136
cycloheximide   105
CYP82E4   223
cytochalasins   67
cytochrome
– CYP81E7   216
– CYP81E9   216
cytochrome P450   141
cytochrome P450 taxadiene 5-α-hydroxylase

143
cytochrome P450 taxane 10-â-hydroxylase

143
cytochrome P450 taxane 13-α-hydroxylase

143
cytochrome P450-dependent monooxygenase

140
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d
D. metel 82
D. stramonium
– callus cultures   252
– hyoscyamine   239
– root cultures   252
– scopolamine   239
– seedings   239
– TRI   254
– TRII   254
daidzein   216, 305
Dan-shen   278
Daphne mezereum 119
DAT   see deacetylvindoline 4-O-

acetyltransferase
Datura ferox 239
Datura innoxia 82, 427
– anther culture   165
– calcium alginate immobilization   239
– haploid plants   165, 438
Datura metel 239
De Materia Medica 29
10-deacetyl baccatin III   136
10-deacetyl-2-debenzoylbaccatin III   298
10-deacetylbaccatin III   298, 516
deacetylvindoline   291
deacetylvindoline 4-O-acetyltransferase

(DAT)   293
deacetylvindoline acetyltransferase 

(BAHD)   293
dehydroabietane   498
Dendrobium 82
Dendrobium tosaense 269
– micropropagated plants   273–274
– Shih-hu   273–274
3-deoxy-d-arabino-heptulosonate 7-phosphate

synthase (DAHPS)   140
1-deoxy-d-xylulose-5-phosphate

reductoisomerase (DXR)   519
deoxypodophyllotoxin 6-hydroxylase   140
deoxypodophyllotoxin 7-hydroxylase   140
3(S)-deoxypumilosidae   455, 461
3(R)-deoxypumiloside   455
Depressaria nervosa 442
dereplication   29
desacetoxyvindoline   291
desease progress curve   444
desoxy camptothecin   144
Deuteromycetes 57, 100
Deutscher Winter   421
dexamethasone   274
Diaion HP-20   457
4-dichlorophenoxyacetic acid   165
dictamine   108, 112

11(12)-diene   141, 142
digestion   273
Digitalis 111
Digitalis lanata 166
– cell cultures   179
– haploid plants   438
Digitalis purpurea, photoperiodic reactions

437
2,3-dihydro-3-hydroxytabersonine-N-

methyltransferase (NMT)   292
dihydroartemisinic acid hydroperoxide   530
dihydroartemisinic aldehyde   298
dihydroartemisinin   529
dihydroartemisininc acid   298
dihydrokaempherol   305
dihydromyrecetin   305
3,6-dihydronicotione   222
dihydroquercetin   305
1,2-dihydro-vomilenine   291
dihydrovomilenine reductase (DHVR)   293
dillapiole   476
dimethyl-â-cyclodextrin   136
dinoflagellates   99
dinophyceae   99
dinophysistoxin-1   99
Dioscorea deltoidea 178
Dioscorea doryophora 269
– cell suspension cultures   274–275
diosgenin   269
– production   274–275
1,1-diphenyl-2-picrylhydrazyl radical 

(DPPH)   274
direct transfer   427
diterpenes   99–100, 110, 297–299
DMC Base Natural   480
DNA   427
– alkaloids   104
– camptothecine   104
– cycasin   104
– epoxides   104
– furocoumarins   104
– gyrase   104
– PAs   104
– quinolones   104
– repair   104, 112
– replication   104, 112
– rifamycin   104
– topoisomerase   112
– transcription   104, 112
DNA fingerprinting   74
DNA markers   74
DNA microarray   82
DNA motifs   77
DNA profiling   7
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– multilocus   76–78
DNA sequencing   74, 75–76
DNA topoisomerase   105, 124
donor genotypes   420
donor-accession   420
dopamine   221, 294
doubled haploids   438
downstream processing   328, 337
DPPH   see 1,1-diphenyl-2-picrylhydrazyl

radical
Drosophila protein   223
drug development   98
drug discovery   118
DSMZ (German Collection of

Microorganisms and Cell Cultures)   164
Duboisia, hybrid   242
Duboisia myoporoides
– mikropropagation   242
– in-vitro multiplication   242
– tropane alkaloids   242
Dutch Elm disease   62
DVHR   see dihydrovomilenine reductase 
DXP pathway   296
– dxr (1-deoxy-d-xylulose-5-phosphate

reductoisomerase)   303
– dxs (1-deoxy-d-xylulose-5-phosphate

synthase)   303
– E. coli 297, 303
– ‘ispA (FDP synthase)   303
– idi (IPP isomerase)   303
DXR   see 1-deoxy-d-xylulose-5-phosphate

reductoisomerase
dysmenorrhea   272

e
E. citridora, cell cultures   136
E. coli
– amorph-4,11-diene synthase   301
– codeinone reductase   295
– cytochrome C4H   307
– DMADP pool   297
– engineered flavonoid pathway   307
– IDP   297
– mevalonate pathway   301
– (S)-norcoclaurine synthase   295
– phosphoenolpyruvate carboxykinase (pck)

303
– phosphoenolpyruvate synthase (pps)   303
– polyneuridine aldehyde esterase (PNAE)

293
– pyruvate kinase (pyk)   303
– salutaridinol 7-O-acetyltransferase   295
– strictosidine glucosidase   293
– strictosidine synthase   293

– vindoline pathway   293
E. mollis 119
E. sanguinea 86
E. simulata 86
E. pupurea 86
E8 promoter   482
early selection   437
– evening primrose   437
Ebers Papyrus   29
Echinacea 86
echinocandins   58
Echinoidea 100
echinomycins   63
EGb 761®, standardized extract   495
electrofusion   426
– essential oil   168
– protoplast fusion   168
electroporation   180, 385
– gene transfer   169
elephantopin   119
Elephantopus elatus 119
Eleutherococcus senticosus 75
elicitation   133, 179, 247–250
– cadmium   249
– copper   249
elicitors   133, 191
– asmonates   179
– Bacilius cereus 250
– codeine biosynthesis   179
– fungal   134
– imperatorin   272
– Lithospermum erythrorhizon 179
– Pseudomonia aeruginosa 250
– Staphylococcus aureus 250
– Taxus 179
elimicin   476
ELISA   440
– alfalfa mosaic virus   443
elite cell lines   178
elite plant clones   432
ellipticine   120
embryo culture   162
embryo rescue   160
embryo sack   165
embryogenic callus   174
embryogenic suspension, Podophyllum

peltatum 127
embryonic kidney (HEK)-293   323
emetine   105, 119
emodin   271
endocytosis   357
endophytes   49–70
– biodiversity   55
– natural products   56
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endophytic bacterial products, antibiotics   61
endophytic cultures
– isolation   57
– preservation   57
– storage   57
endophytic fungal products   57–61
– anticancer agents   65–67
– antioxidants   67
– immunosuppressive compounds   68
endophytic microbes   52
endophytic streptomycetes   62
endoplasmatic reticulum (ER)   331, 347
endoprotease digestion   326
endorphins   110
endotoxins   324
engineered medicinal plants   387–390
– alkaloids   387
– amino alkaloids   387
– codeine   388
– hyoscyamine   388
– isoquinoline alkaloids   388
– morphine   388
– scopolamine   388
– terpenoid indole alkaloids   387
– thebaine   388
– tropane alkaloids   388
ent-Copalyldiphosphate   210
entrez gene   204
entrez genomes   204
enzyme-linked immunosorbent assay

(ELISA)   440
enzymes   104
EPC   see European Patent Convention
ephedrine   114
epipodophyllotoxin   136
16-epi-vellosimine   291, 293
epoxides   112
ergot alkaloids   100
erlodictyol   305
Ervatamia heyneana 451
Erwinia 442
Erysimum 111
Erysiphe. 442
erythropoietin   350
Erythroxylaceae 251
Escherichia coli 64
Eschscholzia californica 193, 390
essential oils   73, 422, 469–492
– Cymbopogon flexuosus 470
– Cymbopogon martini 470
– Cymbopogon winterianus 470
– Eucalyptus species 470
– Lavandula officinalis 470
– major constituents   470

– Mentha arvensis 470
– Mentha piperata 470
– Mentha spicata 470
– Ocimum basilicum 470
– Origanum majorana 470
– Origanum vulgare 470
– regulation   477–478
– Rosmarinus officinalis 470
– Salvia officinalis 470
– Thymus vulgaris 470
– Vetiveria zinzoides 470
EST   see expressed sequence tag
EST sequence database
– Arabidopsis 211
– maize   211
– rice   211
– terpene synthase 1 211
ethnobotany   379
etoposide   124
Eucalyptus citriodora 477
Eucalyptus globulus 218
Eucalyptus perriniana 136
eugenol   216, 219, 476
eugenol O-methyltransferase   478
eugenol O-methyltransferase (EOMT)   219
Euonymus 111
eupahyssopin   119
Eupatorium hyssopifolium 119
Euphorbia escula 119
Eupteryx atropunctata 442
European Commission   400
European Patent Convention (EPC)   401,

404–407
– article 53(a)   409
European Pharmacopoeia   419
European Union (EU), Council   404
European Union Community Plant Variety

Office   420
evening primrose   418
– early selection   437
evolution   98
evolutionary molecular modeling   113
excretion   258–259
exoglycosidases   363
expressed sequence tag (EST)   203, 207, 382
– Capsicum annuum 382
– Curcuma longa 382
– Ginkgo biloba 382
– Glycine max 382
– Lycopersicon esculentum 382
– Malus x domestica 382
– Ocimum basilicum 382
– Oryza sativa 382
– sequencing   208
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– Stevia rebaudiana 382
– Zea mays 382
– Zingiber officinale 382
expression vector   383
extrachromosomal DNAs   68

f
F. zanthoxyloides 119
Fagara macrophylla 119
fagaronine   119
α-farnesene   210
(E)-â-farnesene synthase   474
(E,E)-α-farnesene synthase   475
fatty acids   99
fed-batch
– biomass   127
– Podophyllum hexandrum 127
fed-batch operation   176
ferrulic acid   132
field cultivation   334
flaconoids   99
flavan-3,4-diols/leucoanthocyanidins   305
flavanol   305
flavones   305
flavonoid biosynthesis   257
– oxygenation reactions   307
– P450-catalyzed hydroxylation   307
flavonoid biosynthetic pathways
– chalcone synthase   306
– cinnamate-4-hydroxylase (C4H)   306
– coumaroyl-CoA-ligase   306
– 2-hydroxyisoflavone synthase   306
– (2-S)-Naringenin   306
– phenylammonia lyase   306
– polyketide synthase (PKS)   306
– stilbene synthase (STS)   306
flavonoide
– anti-inflammatory   306
– cytotoxic antitumor activities   306
– defense   306
– enzyme inhibition   306
– estrogenic activities   306
– germination of pollen   306
– regulation of plant growth   306
– scavenging   306
– signal molecules   306
– UV-B protection   306
flavonoids   73, 103, 105, 219, 304–308
flavonols   304, 305
flavor compounds   469–492
flavors   469
flow cytometric seed screening   431
flow cytometry   431, 432
flow-cell   34

flower formation   437
flowers of thyme   424
Foeniculum vulgare
– essential oil   422
– genotypes   422
– selection population   422
Foeniculum vulgare MILL.   419
– European Pharmacopoeia   419
Follow Me Vine   63
food poison   494
foodborne pathogens   479
foods   469
Forsythia intermedia 133
– secoisolariciresinol dehydrogenase   141
fragrances   469
frameshift mutations   113
Fritillaria 81
frogs   101
functional gene expression   383
fungal products, endophytic   57–61
fungi   53, 100
Fungi Imperfecti 57
furanocoumarins   105, 113
furocoumarins   105
Fusarium 56, 60, 442
– toxins   100
Fusarium oxysporum
– phenylpropanoid pathway   135
– tomato cell culture   242
Fusarium subglutinans 68
fusion protein   326

g
GABA   110
â(1,3)-Gal-transferase   350
â(1,4)-galactosyltransferase   332, 360
galanthamine   114
Gamborg’s G5   126, 247
gametoclonal variation   166
GAP   see Good Agricultural Practice
gardneral   291
gas chromatograph   440
gas chromatography (GC)   11
gas-liquid chromatography   469
GC-mass spectrometry (MC)   11
gein   103
gel electrophoresis   10
gene   427
gene banks   420
gene knock-out, Physcomitrella patens 360
gene silencing   329, 384
– agrobacterium   384
– virus-induced   384
gene transfer
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– Agrobacterium-mediated   169
– biolistics   169
– electroporation   169
generative propagation   433
genetechnology   157
genetic diversity   84–87
genetic engineering   376
genetic molecular maps   381
genetic resources   403
genetic variability   417, 421
genistein   105, 216, 305
genome mutations   426
genomic approaches
– Melaleuca alternifolia 383
– Papaver somniferum 383
– Stevia rebaudiana 383
genotype   25
genotyping   75
Gentiana 270
Gentiana davidii 275
Gentianaceae 275
gentipicroside   269, 271, 275
geraniol   291, 461, 473
geraniol 10 hydroxylase   145
geranium   477
geranylgeranyl diphosphate   141
geranylgeranyl pyrophosphate   142
germ plasm storage   169
germacrene   298
germacrene A synthase   474
germacrene D synthase   474
German Collection of Microorganisms and

Cell Cultures (DSMZ)   164
in-vitro germination   160
germplasm collections   420
Giardia 479
gibberellic acid   126
gila monster   101
ginkgo, haploid technology   165
Ginkgo biloba 4–5, 494
– Agrobacterium tumefaciens 506
– artemisinin   505
– cell cultures   504
– elicitors   504
– flavonol glycosides   497
– genetic transformation   506
– leaf extracts   497
– micropropagation   502
– natural variability   501
– organ cultures   506
– plantations   495
– santonin   505
– somatic embryogenesis   502–503
– standardized extracts   494

– taxadiene   505
– Taxus   505
– terpene   497
– terpene biosynthesis   503
Ginkgo yimaensis 494
Ginkgoaceae 494
ginkgolide contents
– age   497
– gender   497
– natural variability   497
– soil   497
– stage of development   497
ginkgolides   494, 495
– accumulation   496–500
ginkgophyta   494
ginseng   189
ginsenosides   190, 214, 269
– elicitors   191
– production   191
glandular structures   101
glandular trichomes   478
– EST libraries   212
– Mentha x piperita 212
– Ocimum basilicum 212
– tomatoes   212
glass   180
glaucarbuinone   120
Gliocladium 64
Gliocladium deliquescens 134, 191
glucose-6-phosphate dehydrogenase   134
glucosidase   292
â-glucosidase   110
â-d-glucoside   132
glucosinolates   99
glutamate   110
glycan   332, 333
glycine   110
Glycine max 191, 207
glycoalkaloids
– Murashige Skoog   243
– potato tubers   243
– solamine   242
– solasodine   243
– tomatine   242
glycoengineering   361
– humanization   345
– N-glycosylation   345
– O-glycosylation   345
glycoprotein maturation   348
glycoproteins   321, 330
glyco-remodeling   361
glycosylation   345, 348
O-glycosylation   352
GMP   327
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Gnidia lamprantha 119
gocculine   119
Golden Rice   302
Golgi apparatus, indolizidine alkaloids   104
gonyautoxin   99–100, 105
Good Agricultural Practice (GAP)   524
– EGb 761   496
Gossypium sp.   119
gossypol   119–120
Grevillea pteridifolia 63
guidin   119
Guignardia 61
guignardic acid   61
Gynura 73

h
H. attenuatum 430
H. maculatum 430
H. microcephaiam 119
H. muticus
– N-methylpatrescine   250
– particle bombardment   255
– pmt gene   255
– transformation   255
h6h 256
hairy root cultures   536, 537, 539
– medicinal plants   172
– secondary metabolites   172
hairy roots   240–243
Hallophyllum patavinum 136
haploid plants
– anthers   438
– microspores   438
haploid technology
– homozygous breeding   165
– sporophytes   165
harmaline   112
Harpagohytum procumbens, iridoid glycosides

39
harpagoside   270, 271
– production   279–280
harringtonine   119
HCN   105
heavy metal ions   110
helenaline   108
Helenium autumnale 119
helevalin   119
Heliotropium indicum 119
Helleborus 111
hellebrigenin acetate   119
Helminthosporium papaveris 442
hemomucin   223
herbal medicines   187
herbivores   97

herbivory   334
heritability   433
Hevea brasiliensis
– AFLP   214
– ESTs   214
– latex transcriptome   214
Hi-Bred EST sequence libraries   211
high performanmce liquid chromatography

(HPLC)   11
– 2D WETCOSY   34
– -CD   30
– -DAD   30
– -ELS   30
– Hypericum perforatum 34
– loop-collection   36
– -MS   30
– -PDA   13, 30
– Swertia calycina 34
high-performance cultivars   444
high-performance population   421
high-producing cell lines   178
high-throughput screening (HTS)   98
high-throughput technologies   381
high-yielding cell lines   187
Hippophae 86
histamine   100
histones   107
Holacantha emoryi 119
holacanthone   119
Holothuroidea 100
homogeneous growth distribution   536
homologene   204
hormone autonomy
– auxin autotrophic   162
– cytokinin   162
– hormone autotrophic   162
hormone receptors   105
Ho-shou-wu 276
housekeeping genes   76
HPAEC   363
HPLC   469
HPLC chromatograms   457
HPLC-MS   11, 13
– Ginkgo biloba 14
HPLC-NMR
– direct methods   32–36
– indirect methods   36–41
– miniaturization   41
HPLC-photodiode array (PDA)   11
HPLC-SPE-NMR   37–41
human glycome   357
human retinal line PER-C6   323
humanization   332
humulane   59
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humulene   298
Hyacintheceae 111
hyaluronidase   100
hybrid breeding   423
– natural protection   423
– uniformity   423
hybrid vigor   423
hydrogen peroxide   161
10-hydroxy-camptothecin   129
4-hydroxycinnamate:CoA ligase   140
2-α-hydroxydimeninol   59
10-hydroxygeraniol   461
3-hydroxy-4-hydroxy methyl proline   58
hydroxyjesterone   60
3-hydroxy-16methoxy-2,3-dihydrotabersonine

291
(S)-3’-hydroxy-N-methylcoclaurine   221
3’hydroxy-N-methylcoclaurine   294
2-hydroxynitrile   110
4-hydroxyphenylacetaldehyde   294
4-hydroxyphenylpyruvate   294
hydroxypropyl-â-cyclodextrin   136
16-hydroxytabersonine   291
16-hydroxytabersonine-O-methyltransferase

(T16-OMT)   292
Hymenoclea salsola 119
hyoscyamine   109, 111, 196, 237
– accumulation   241
– engineered medicinal plants   388
(S)-hyoscyamine   237, 248
hyoscyamine-6â-hydroxylase   196, 254–255,

255
Hyoscyamus albus
– callus cultures   252
– root cultures   252
Hyoscyamus muticans 196
Hyoscyamus niger 239, 388
– haploid plants   438
hypercholesterolemia   276
hypericine   109
Hypericum, haploid plants   438
Hypericum perforatum 4, 85, 192, 430
hypochlorite   161
hyp-O-glycans   352

i
ibuprofen   192
IgGs   356
illumination, plastids   245
immobilization
– adsorption   180
– alginate   193
– covalent attachment   180
– entrapment   180

– growing cells   193
– of cells   132
– polyurethane foam cubes   193
– product release   180
immune system   321
immunoglobulins   322
immunosuppressive compounds   68
imperatorin   270–271
inbreeding depression   433
indicine-N-oxide   119
indole acetic acid (IAA)   126
indole alkaloids   111, 451
indole-3-acetic acid   159
indole-3-butyric acid   165
induced mutation   426
inflammation   279
ingenal dibenzoate   119
insect repellents   469
insecta   100
insecticides   480
insects   100
in-silico EST data mining   289
intellectual property   390
interactions   107
intercalation   105
– alkaloids   113
– apiaceae   113
– berberine   113
– â-carboline   113
– emetine   113
– furanocoumarins   113
– furoquinoline alkaloids   113
– quinine   113
– sanguinarine   113
intergenic spacers   79
internalo transcribed spacer (ITS)   76
International Plant Genetic Resources

Institute (IPGRI)   420
intraspecific breeding lines   73
intrinsic production capacity   330
ion channnels, alkaloids   104
ion pumps   105
IPGRI   see International Plant Genetic

Resources Institute
4-ipomeanal   119
Ipomoea batatas 119
iridoid glycosides   279
iridoids   99–100, 105
irinotecan   451
irridodial   144
isoamyl acetate   64
isoenzymes   439
isoflavanone   305
isoflavone   305
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isoflavonoids   105, 219, 304, 305
2-isopentenyladenine   165
isopestacin   67, 68
isopiperitenol dehydrogenase   212
trans-isopiperitenol   213
isopiperitenone   213
isoprenoids   296
isoquinoline alkaloids   105
– engineered medicinal plants   388
isothiocyanate sesquiterne lactones   105
isotope labeling   288

j
Jacaranda caucana 119
jacaranone   119
jasmonates   191
jasmonic acid   102, 249
Jatropha gossypiifolia 119
jatrophone   119
jelly fish   100
jesterone   60
Juniperus chinensis 119, 126

k
kaempherol   109
kakadumycins   63
Kalanchoe 111
Kanahia laniflora, cardiac glycosides   39
kava   189
kavapyrones   189
KB carcinoma   118
Kennedia nigriscans 55, 62
ketolactam   144
khellin   114
Kutkin, shoot cultures   173

l
laccase   138, 140
lanosterol   298
lapachol   120
lariciresinol   138, 139
laryngitis   279
lavender   469
LC-NMR   7
LC-SPE-NMR   18
L-Dopa   294
LeA structure   350
lead molecule   118
lead structures   98
leaves, Ginkgo biloba 493
lectins   99, 102, 362
legislation
– Canada   399
– copyright   399

– Europe   399
– trademark   399
– United States   399
Leishmania 479
Lemna minor 330
lemon basil   380
lettuce, pharmaceutical production   327
level of infestation   443
levopimaradiene synthase   500
liatrin   119–120
Liatris chapmanii 119
lichen   99
light conditions   165
lignans   99, 105
– production   127
lignin biosynthesis   141
Lilium album
– lariciresinol   126
– 5-methypodophyllotoxin   126
– pinoresinol   126
– podophyllotoxin   126
limonene   210, 213, 473
limonene synthase, constitutive expression

482
limonene-3-hydroxylase, constitutive

expression   482
linalool   210, 473
– synthase   389
– synthase gene   376
LineUP   13
Linum album 119, 126
Linum flavum 119
– hairy root cultures   130
– 5-methypodophyllotoxin   126
– root cultures   126
Linum nodiflorum
– deoxypodophyllotoxin 5-hydroxylase

(dop5h)   141
– 5-methoxypodophyllotoxin (5-MPT)   141
liquiritigenin   216, 305
Lithospermum erythrorhizon 178, 269
R-littorine   248
living fossil   494
loganic acid methyl transferase   145
loganin   144, 291, 461
Lolium perenne 62
– A 1207-bp cDNA   138
– cDNA library   138
– cinnamoyl-CoA reductase   138
longifolene   298
longifolene synthase   475
Lotus corniculatus 204
Lotus japonicus 207
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low-shear centrifugal impeller bioreactor
(CIB)   137

L-tryptophan   461
lucidin 3-O-â-purimeveroside   455
lung cancer   281
lupanine   111
luteolin   305
lyalosidic acid   452, 455
lycopene cyclase   304
Lycopersicon esculentum 204, 482
Lygus 442
lymphoma cell line 38C13   336
lyngbiatoxin   99
lysosomes   104

m
M. ovatus 120
M. roseus 64
M. serrata 120
M. spicata x M. aquatica 426
M. truncatula 219, 223
macronutrients   173
Madagascar periwinkle   292
magnafena   444
magnifection 329
Maguireothamnus speciosus 66
maintainer   424
maize 328
majoram
– Miraz   426
– Polyverb   426
– Tetrata   426
MAKINO   273–274
Malaleuca alternifolia 85
malaria   529
MALDI-TOF   351, 363
male sterile line   424
3 malonyl CoAs   305
mannitol   167
mannosidase II   351, 361
map-based positional cloning   381
Mapiia foetida 119
Marah omganus 119
Marchantia polymorpha 178
markers
– Achillea 438
– Chamomilla recutita 438
– environmental   438
– morphogenetic influences   438
– Origanum majorana 438
mass selection   428, 428
mass spectrometry (MS)   10, 14–15
matairesinol   133, 138, 139
Material Transfer Agreements (MTAs)   402

mating systems   433
– Achillea millefolium 434
– Allium cepa 434
– Allium sativum 434
– Allium schoenoprasum 434
– Althaea officinalis 434
– Anethum graveolens 434
– Angelica archangelica 434
– Anthriscus cerefolium 434
– Apium graveolens 434
– Arnica montana 434
– Artemisia dracunculus 434
– Calendula officinalis 434
– Carum carvi 434
– Coriandrum sativum 434
– Digitalis purpurea 434
– Echinacea purpurea 434
– Foeniculum vulgare 435
– Hypericum perforatum 435
– Hyssopus officinalis 435
– Inula helenium 435
– Lavandula angustifolia 435
– Malva silvestris 435
– Matricaria recutita 435
– Melissa officinalis 435
– Mentha x piperita 435
– Ocimum basilicum 435
– Oenothera biennis 435
– Origanum majorana 435
– Origanum vulgare 436
– Petroselinum crispum 436
– Pimpinella anisum 436
– Plantago lanceolata 436
– Rosmarinus officinalis 436
– Salvia officinalis 436
– Satureja hortensis 436
– Silybum marianum 436
– Thymus vulgaris 436
– Valeriana officinalis 436
Matlab   23
maytansine   119–120
Maytenus buchananii 119
mechanically agitated reactor   175
medicagenic acid   119
Medicago sativa 207, 212
Medicago truncatula 204, 207, 357, 381
medicinal plant breeding, trends   445
medicinal plants   157, 187, 267
– breeding   417–445
medicines, plant-based   113
medium conductivity   170
MeGA promoter system   331
megegametophyte   165
meiosis   165
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melanoma   124
membrane proteins   107
Mentha 168
Mentha arvensis 75
Mentha x piperita 5, 388
menthofuran   213
(+)-menthofuran   481
(R)-(+)-menthofuran   212
menthofuran synthase   388
menthol   114, 213, 473
menthone   213
MEP   see methyerythritol phosphate 
meristem culture   164
– organ formation   165
– vegetation tips   165
Merrilliodendron megacarpum 451
messenger RNA   112
metabolic engineering   117, 481–482
metabolic profiling   382
metabolites   18
– in plants   102
metabolomics   7, 9–26, 382
– Arabidopsis metabolome   12
– data handling   21–25
– metabolic fingerprinting   9
– metabolic profiling   9
– methods   12
MetAlign   13
metenolone   274
9-methoxycamptothecin   457
10-methoxycamptothecin, camptothecin

production   454–459
9-methoxyelliticine   120
5-methoxypodophyllotoxin   119
16-methoxytabersonine   291
11-methoxy-vinorine   291
methyl bromide   64
methyl jasmonate   517
N-methyl putrescine   248
methylalbonoursin   62
4-methylaminobutanal   222
methylchavicol   216, 476
methylcinnamate   476
(S)-N-methylcoclaurine   221
methylerythritol phosphate (MEP) pathways

472
methyleugenol   216, 476
methyljasmonate   249
3-methyl-2-oxobutanoic acid   61
N-methylputrescine   222
4-O-methylpyridoxine   494
N-methyl-Ä1-pyrrollium cation   222
metildigoxin   179

mevalonate pathway (MVA)   296
mevalonate-independent pathway   141
mevalonic acid (MVA) pathways   472
mezerein   119
Microarray Gene Expressing Data (MGED)

25
microbes, world’s rainforests   50
microbial taxonomy   52
microgametophyte   165
microheterogeneity   356
microlenin   119
microorganisms   412
– clustered genes   287
– plant-associated   49–70
microprojectiles   427
micropropagation   160, 165, 280
– Andrographis paniculata 433
– Gentiana 433
– Hypericum perforatum 433
– Ocimum basilicum 433
– Origanum vulgare 433
– Salvia 433
– Thymus piperella 433
– Valeriana officinalis 433
microsatellite-complimentary primers

77–78
microsatellite markers   74
microspores   166
microtubules   515
– colchicine   104
– podophyllotoxin   104
– taxol   104
– vinblastine   104
MICs   see minimum inhibitory

concentrations (MICs)
milk   323
minimum inhibitory concentrations 

(MICs)   59
mints   469
Mirabilis 73
Mirabilis jalapa 81
Miraz   426
mist bioreactor   539
mitochondrial DNA   79
mitochondrion   104
mixed lymphocyte reaction   68
molds   100
molecular biotechnology   97
molecular gene transfer   427
molephantinin   119
Mollusca   100
mollusks   101
monoamine oxidase   110
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monocrotaline   119
monoterpene cyclases/synthases   473
monoterpenes   99, 388, 473–474, 473
monoterpenoid indole alkaloids   143
– ajmalicine   290–293
– cancer chemotherapy   290–293
– vinblastine   290–293
– vincristine   290–293
– yohimbine   290–293
Monstera 63
Montezuma speciasissima 120
morality   408
moravskij   444
Moringa oleifera 85
morphine   114
– engineered medicinal plants   388
morphine biosynthesis   294
– acetyl-CoA-dependent acetyltransferase

295
– 6-O-methyltransferase   295
– NADPH-dependent oxidoreductases   295
– P450 monooxygenase   295
– salutaridinol 7-O-acetyltransferase   295
morphogenesis   174
Mosher method   34
MSTFA   12
MTA   see Material Transfer Agreements
MU-2   138
mugwort   354
Multimentha   426
multivariate analysis   25
munumbicins   55, 62
Murashige and Skoog   270
murine myeloma cells   323
muscarine   100
Muscodor 64
Muscodor albus 63
mustard oil   108
mutation rate   426
cis-muuroladiene synthase   475
MVA   see mevalonate pathway, see mevalonic

acid 
Mycelia Sterilia 57
Mycobacterium 50
Mycocentrospora acerina 442
mycofumigation   64
mycoplasmas   53
Mycosphaerella anethi 419, 442–443
Mycosphaerella fijiensis 62
mycotoxins   100
myosmine   256
myrcene   210, 473
myrsticin   476

n
N. foetida 457
NADPH:cytochrome P450 reductase

(OpCPR)   145
– Arabidopsis thaliana 462
– Petroselium crispum 462
– Pisum sativum 462
– Triticum aestivum 462
NANA   see N-acetylneuraminic acid 
α-naphtalene acetic acid   165
naringenin   216, 305
nasunin   271
National Cancer Institute (NCI)   118
National Center for Biotechnology

Information   204
natural drug discovery   379
natural product biosynthesis   287–317
natural products
– bioactive   49–70, 57–68
– ecological roles   378
– endophytes   56
– growth regulators   378
– interactions   378
– pollinators   378
– prediction   378
– protection   378
– UV irradiation   378
NCBI   204
N-debenzoylpaclitaxel   518
neomenthol   213
nereistoxin   100, 105
Nerium 111
Nermertini   100
nerolidol/linalool synthase   475
neurasthenia   276
neurotoxins   100
new medicines   50
new variability, breeding methods   421
N-glycans   346
– humanization   356
N-glycosylation   351
Nicothiana 168
Nicotiana
– ABC   258
– ATP-binding cassette   258
– h6h gene   258
Nicotiana benthamiana 293, 359
– â-1,2-xylosyltransferase   360
Nicotiana sylvestris 255
– pmt gene   252
Nicotiana tabacum
– S-adenosylmethionine synthase   247–250
– CYP82E4   223
– cytochrome P450 CYP82E4   223
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– interferon   427
– N’-nitrosonornicotine   223
– nornicotine   223
– ornithine decarboxylase   247–250
nicotine   105, 109, 222, 237, 248
– pmt antisensing   256
– pmt inverted-repeats   256
– production   256
nicotine acid   248
nicotine N-demethylase   223
nilidine   119
NIRS   see non-destructive near-infrared

spectroscopy
nitidine   120
N-methylcoclaurine   294
N-methyltransferase   295
NMR tensor methods, solid-state   59
NMT   see 2,3-dihydro-3-hydroxytabersonine-

N-methyltransferase
non-destructive near-infrared spectroscopy

(NIRS)   440
non-Hodgkin’s lymphoma, scFv   336
nonmuscodor species   64
nonprotein amino acids (NPAA)   101, 105
norcoclaurine   294
(S)-norcoclaurine   221
norethisterone   274
nornicotine   222, 256
Nothapodytes foetida 129, 451
NS0   323
nuclear genomes   79
nuclear magnetic resonance (NMR)   16–18,

30
– 2D-NMR   18
– coldprobes   16
– continuous-flow   32–33
– COSY   18
– cryogenically cooled probes   41
– cryoprobes   16
– HMBC   18
– HMQC   18
– indirect methods   36–41
– Nicotiana tabacum 17
– NOESY   32
– sensitivity   16
– stopped-flow   33–35
– WET pulse   32
nucleases   75
nutrient mist bioreactor   538

o
O. kuroiwai 453, 454, 457
O. liukiuensis 454, 457
O. maculata 120
O. moorei 120
O. pumila 145, 453, 457
– Amamiohshima   453
– callus cultures   453
– hairy roots   459
Ochrosia elliptica 120
ocimene   106
(E )-â-ocimene synthase   213
(E )-â-ocimene   473
Ocimum basilicum 380, 430, 477
octopus   100
Oenothera lamarckiana 437
oilseeds, production of vaccines   329
Olibrus aenes 442
oligosaccharides   352
olive oil
– flavonoids   39
– lignans   39
– phenols   39
Olpidium 442
oocydin A   54
OpCR   see NADPH:cytochrome P450

Reductase
Ophiorrhiza
– Agrobacterium rhizogenes 15834   454
– aseptic plants   453
– hairy roots   454
– tissue cultures   452
Ophiorrhiza liukiuensis 453
Ophiorrhiza mungos 451
Ophiorrhiza pumila
– camptothecin   130
– (3R)-deoxypumilosides   130
– hairy roots   130
– (3S)-pumiloside   130
– strictosamide   130
Ophiorrhiza s. p.   451–466
Ophiorrhiza species   452
opium   388
opium poppy   75
OpSTR   see strictosidine synthase
OpTDC   see Tryptophan Decarboxylase 
Orchidaceae, Dendrobium 273
orchids   161
organellar genomes   79
organogenesis   160, 164
osmotics   169
Osteichthyes   100
ouabain   111
ownership of life   400
oxygen transfer   536
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p
P. falciparum 529
P. hexandrum, callus   126
P. microspora 59, 67
P. peltatum 120
P. somniferum
– S-adenosyl-l-methioninine(R,S)-3’-

hydroxy-N-methylcoclaurine 4-OMT
(4’OMT)   220

– O-methyltransferase   220
P388 lymphocytic leukemia   118
PaCE   208
paclitaxel   5, 98, 105, 110, 117, 120, 124, 190,

269–270, 298, 299, 515–528, 518
– biosynthesis   141, 142
– plant cell culture   516–517
– see also taxol
paclitaxel biosynthetic enzymes
– baccatin III formation   519
– C-13 side-chain formation   519
– 1-deoxy-d-xylulose-5-phosphate

reductoisomerase   519
– geranylgeranyl diphosphate synthase   519
– GGDP formation   519
– 14â-hydroxytaxoid formation   519
– non-mevalonate pathway   519
– phenylalanine aminomutase   519
– taxadiene synthase   519
– taxane-ring formation   519
– taxoid 10â-hydroxylase   519
– taxoid 10-O-acetyltransferase   519
– taxoid 13α-hydroxylase   519
– taxoid 13-O-sidechain transferase   519
– taxoid 14â-hydroxylase   519
– taxoid 2α-hydroxylase   519
– taxoid 2-O-benzoyltransferase   519
– taxoid 2’-hydroxylase   519
– taxoid 3’-N-benzoyltransferase   519
– taxoid 5α-hydroxylase   519
– taxoid 5-O-acetyltransferase   519
– taxoid 7â-hydroxylase   519
paclitaxel biosynthetic pathway
– baccatin III   517–522
– esterification   517–522
– taxadiene synthase   517–522
paclobutrazol   273
pahutoxin   100
PAL   139
palmatine   221
palytoxin   105
Panax ginseng 189, 214, 269
– ESTs   214
– oxidosqualine cyclase   214
Panax ginseng C. A. Mey   73

Panax notoginseng 192
Panax species   81
Papaver somniferum 5, 75, 178, 190, 257,

295, 388
papaverine   114
paralytic shellfish   99
parasitism   334
Parquetina nigrescens 120
Partec-Ploidy analyzer   432
particle bombardment   255
particle gun   385
patent
– terpenoid indole alkaloids   292
– transgenic yeast   292
patentability   405
pathogen defense   133
pathway discovery   288, 289
pathway enginieering   5–6
pathway mapping   117
pectinase   426
PEG   see polyethylene glycol
Pelargonium 477
â-peltatin-A methylether 7-hydroxylase   140
Penicilium, toxins   100
Penicillium minioluteum 134
Penicillium sp.   136
Penstemon deutus 120
penstimide   120
pentagalloylglucose   109
pepper   190
peppermint   388
– transgenic   388
peptides   99–100
perfusion operation   176
Periconia 66
Perilla frutesens 190
Periplaneta americana 480
Periploca 111
permeation, dimethylsulfoxide   180
peroxidation   134
pestacin   67
pestalotiopsins A and B   59
Pestalotiopsis 56, 65
Pestalotiopsis guepini 66
Pestalotiopsis jesteri 60
Pestalotiopsis microspora 60, 66–67, 68
pests   418
Petroselium crispum, NADPH:cytochrome

P450 Reductase (OpCPR)   462
Pezicula cinnamomea 58
phallotoxins   100
pharmacogenesis   379
pharmacophor   113
phenolics   18
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phenotype   9
phenotype diversity   382, 428
phenylalanine   305
phenylalanine aminomutase   300
phenylalanine ammonia lyase (PAL)   140
l-phenylalanine ammonia-lyase   476
phenylisoserine   142, 518
2-oxo-3-phenylpropanoic acid   61
phenylpropanoids   99, 215, 475–477
phenylpropenes, formation   472
PhEur, Producta ab ADN recombinante   427
phloem   101
phloretin glycosides   36
phloroglucinols   99
Phoma exigua 442
phomopsichalasin   60
Phomopsis 60
Phomopsis diachenii 442
phorbol derivates   119
phorbol esters   105
phospholipase   100
photoperiodic reactions   437
Phyllanthus acuminatus 120
Phyllantus urinaria 39
phyllanthoside   120
phyllocladene   106
Physalis minima 427
physcion   271
Physcomitrella patens 205, 330, 333, 350–351,

356–357
– gene knock-out   360
physical stress   193
physostigmine   111, 114
phytoalexins   238
phytoestrogens   379
phytohormones   169
Phytolacca 73
Phytolacca acinosa 81
Phytolacca dodecandra 85
Phytophthora 54, 66
Phytophthora megasperma 133
Phytophtora megasperma f. sp. glycinea 242
Phytoseiulus persimilis 214
phytotherapy   4
Picea glauca
– laccases   218
– transcriptomics   218
Pichia pastoris 138
Pierredendron kerstingii 120
pilocarpine   114
pinene   473
α-pinene   210
â-pinene   210
pinoresinol   133, 138, 139

pinoresinol synthase   140
pinoresinol-lariciresinol reductase   140
Pinus taeda, ESTs   217
Piper futokadzura 120
Piper methysticum 4
Pisum sativum, NADPH:cytochrome P450

Reductase (OpCPR)   462
Plackett-Burman design   131
plant biotechnology
– economic returns   399
– financial investment   399
– intellectual property   399–414
plant breeding   417, 418
– haploid technology   165
plant cell cultures, Bristol-Myers Squibb

(BMS)   524
plant cultivars   83
plant DNA, isolation   74–81
plant glycoengineering   356
plant model organisms
– A. thaliana 289
– Medicago trunculata   289
– Oryza sativa   289
– Zea mays   289
plant regeneration   160, 272
plant selection, rationale   53–55
plant systematics   86–87
plant tissues
– genetic instability   177
– micropropagation   177
– mutagenic treatment   177
– preservation   177
– somaclonal variation   177
plant varieties   405
– definition   407
– protection   402
plant variety   404
Plantago lanceolata, photoperiodic reactions

437
plant-associated pseudomonad   62
plant-based inventions
– North America   409
– Supreme Court   409
– US plant patent   409
plant-derived antibodies
– Avicidin   336
– Clinical Trials   336
– EpCAM   336
– IgG   336
PlantGDB   205
plants
– climatic growth factors   187
– DNA fringerprints   376
– genotype identification   376
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– herbivory   187
– molecular markers   376
– patents   399
– pathogen attack   187
– pedigree analysis   376
– phenotypic selection   376
– product accumulation   171
– secondary metabolites   171
– soil conditions   187
Plasmodium 389, 479
Plasmodium falciparum 63
plasmon mutations   426
plastidome mutations   426
ploidy level   431
plumbagin   108
PMT protein   253
pneumocandins   58
Poaceae 206
podolide   120
podophyllotoxin   6, 98, 105, 111, 114, 117,

119–120, 121, 124, 139, 269
– biosynthesis   138
– Forsythia intermedia 138
– Linum album 138
– Linum flavum 138
– Podophyllum peltatum 138
Podophyllum hexandrum 120
– cell cultures   131
– cell suspension   126
– continuous cultivation   137
– fed-batch   137
– submerged batch   137
Podophyllum peltatum 269
– callus   129
– cell cultures   131
– embryogenic roots   129
– tissue cultures   126
Podphyllum 4
Podtxatpus gracilori 120
polketides   99
pollen   165
pollen transfer   430
pollination   424
polyacetylenes   99
polyethylene glycol (PEG)   218, 426
– PEG-induced fusion   168
Polygonum multiflorum 270, 276, 277
polymorphisms   79
polypeptide   322
polyphenols   105–106
polyploidity   360
polysterene   180
polyverb   426

Populus trichocarpa 204
Porifera 100
posttranslational modification   332
potatoes 328
pratensin   216
precursors
– labeled metabolites   138
– radiolabeled   138
– stable-isotope labeled   138
predators   102
prednisolone   274
preservatives   469
presynapse   110
primary alcohol dehydrogenase   145
primrose seeds, NIRS   441
principal component analysis (PCA)   22
proanthocyanidins   304, 305
procanidin B4   109
prodrugs   102–103
product isolation   57
Producta ab ADN recombinante   427
production by microorganisms
– artemisinin   535–539
– Escherichia coli 535
– Saccharomyces cerevisiae 535
progeny testing   429, 430
proglycan nomenclature   347
in-vitro propagation   81, 164
protease inhibitors   102
Protecta One   480
Protecta Two   480
protein A affinity chromatography   337
protein G affinity chromatography   337
protein kinase C   110
proteins   107
– aldehydes   104
– enzymes   104
– epoxides   104
– isothiocyanates   104
– polyphenols   104
– SH reagent   104
– structural   104
– terpenoids   104
– transporter   104
proteomics   9, 117, 382
protoanemonine   105
protocorm formation   161
protoplast technology   167
protoplasts
– enzymatic digestion   167
– feeder cells   168
– patch-clamp   167
– protocols   167
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Prunus africana 86
pseudobaptigenin   216
pseudoguaianolide   119
Pseudomonas 61
Pseudomonas viridiflava 61
pseudomycins   62
pseudotropine   248
Psila rosae 442
psilobyn   100
psilocine   100
psoralen   112
ptaquiloside   112
Puccinia 442
Puccinia menthae 426
puffer fish   101
pulegone   213
pulegone reductase   212, 481
pumiloside   455, 457, 461
putrescine   222
Putrescine N-methyltransferase   252–253
Putterlickia verrucosa 120
Pyricularia oryzae 59
pyrrolizidine alkaloids   100, 105, 112
pythiaceous fungi   63
Pythium 54, 66, 442

q
quercetin   36
quinidine   114
quinine   105, 112, 387
quinoid diterpenes   278
quinoline alkaloids   143
quinolizidine alkaloids   100
quinones   105

r
rainforests, biodiversity   55
random amplified polymorphic (RAPD) DNA

439, 439
Ranunculaceae 111
ranunculin   103
RAPD   see random amplified polymorphic

DNA, 77
rationale, plant selection   53–55
Rauvolfia, CYP450s   293
Rauwolfia serpentina 292, 387, 427
receptors   104
recombinant antibodies   329
recombinant DNA technology   288
recombinant proteins   345
recurrent hybridization   431
recurrent selection   429, 429
regulation

– APHIS   338
– Directive 2001/20/EC   338
– GMP-compliance   338
– manufacture of medicinal products   338
– Plant-Based Production   338
regulatory proteins   107
– aldehydes   104
– epoxides   104
– isothiocyanates   104
– polyphenols   104
– quinones   104
– SH reagent   104
repeated fed-batch operation   176
Reptilia 101
reserpine   114
resins   209
restriction fragment length polymorphism

(RFLP)   74
restriction fragment length polymorphism

(RFLP) markers   439
resveratrol   308, 380
(R)-reticuline   294
(S)-reticuline   221, 294
RFLP   see restriction fragment length

polymorphism
rheumatism   272
Rhinocladiella 67
RhinoRX
– herpes simplex virus 2 (HSV-2)   337
– respiratory infections   337
Rhizoctonia 442
Rhizoma corydalis 272
Rhyncholacis penicillata 54
ribosomes
– chloramphenicol   104
– cycloheximide   104
– emetine   104
– erythromycin   104
– protein biosynthesis   104
– streptomycin   104
– tetracycline   104
rice   328, 381
– genome   204
rickettsia   53
rishitin   238
root culture, Agrobacterium rhizogenes 171
root matrix   536
Rosa damascena 477
rosmarinic acid   109, 269
rotating drum reactor   175
Rubia peregrina 196
ryegrass   138
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s
S. cerevisiae
– 10â 301
– acetyl-transferases   301
– amorph-4,11-diene synthase   301
– 5-O-benzoyl transferase   301
– 13α-hydroxylase   301
– mevalonate pathway   301
– taxa-4(20), 11(12)-dien-5A-acetoxy-10â-ol

301
– taxadiene 5α 301
– taxadiene synthase   301
– WAT11   300
S. frugiperda Sf9
– codeinone reductase   295
– salutaridinol 7-O-acetyltransferase   295
Saccharomyces cerevisiae 138
– strictosidine glucosidase   293
– strictosidine synthase   293
– vindoline pathway   293
safrole   108, 112
salamanders   101
salicin   103
salicylic acid   111
Salmonella gallinarum 60
salutaridine   294
salutaridinol   294
Salvia callus 279
Salvia miltiorrhiza 193, 270
– callus cultures   278–279
salycilic acid   102
SAM:â-peltatin 6-O-methyltransferase   140
SAMPL (selective amplification of

polymorphic microsatellitre loci)   80
sanguinarine   112
saponins   99, 105–106, 214
sarsaparilloside   106
saxitoxin   99–100, 105
SCAR markers   88
scFv, non-Hodgkin’s lymphoma   336
Schmeiser   413
Sclerotinia sclerotiorum 58
scolopender   100
scopolamine   114, 181, 196, 237, 246, 256
– accumulation   241
– engineered medicinal plants   388
(S)-scopolamine   237, 248
scopoletin   39
Scorpiones 100
scorpions   100
scoulerine   294, 295
(S)-scoulerine   221
Scrophularia yoshimurae 270
– production   279–280

– in-vitro propagation   279
Scrophulariaceae 111
sea cucumber   100
sea urchin   100
secoisolariciresinol dehydrogenase   140
– Forsythia intermedia 141
secoisolariresinol   139
secologanin   144, 291, 292, 461
secologanin synthase   145
secondary metabolites   52, 98, 105, 187, 267
secondary pathways   6
secretory cells   212
secretory component   322
secretory pathway   331
seed germination   161
Seimatoantlerium nepalense 66
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Selaginella moellendorffii 205
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selection intensity   433, 437
selection response   433
self-fertilization   335
self-fertilizing crops   429
self-pollination   433
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Septoria 442
Serratia marcescens 54
sesquiterpenes   99–100, 297–299, 389, 474
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sesquithujene   210
sexual hybridization   375
sexual hybrids   160
SH groups   108
shear stress   536
Shen-Nung-Ben-Cao-Jing   273
shikimic acid   139
shoot cultures   173, 539
– medicinal plants   173
– secondary metabolites   173
sialylation   348
sialyltansferase   332
Siberian ginseng   75
signal compounds   102–103
signal peptide, KDEL signal   331
silver nitrate   135
Simarouba glauka 120
SIMCA-P   23
Sinapis alba, photoperiodic reactions   437
sinapoyl-glucosyltransferase   217
sinapyl alcohol   216
sinapyl aldehyde   216
single nucleotide polymorphisms (SNPs)   80
single-solvent extraction   21
Smirnowia iranica, isoflavonoids   39
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solid tumors   281
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somaclonal variation   81, 426
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somatic embryogenesis   166, 174, 272
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sorbitol   167
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soroksari   444
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spermidine synthase   253
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SPME   see solid-phase microextraction
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– Scrophularia buergeriana Miq.   386
– Thalictrum flavum ssp. glaucum   386
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Streptomyces sp.   136
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strictosamide   145, 455, 457, 461
strictosidine   144, 291, 461
strictosidine synthase   292
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strictosidine synthase (STR)   143, 145, 387
strictosidinic acid   455, 457
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Strophantus 111
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sugar beet, production of vaccines   329
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– Linum flavum 127
– Linum nodiflorum 127
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T. brevifolia 120, 125, 516
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– reactor   128
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T. wallichiana 516
T. wilfordii 68
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– biodiversity   269
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taxanes   141
taxodione   120
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taxol   65, 66, 110, 131, 214, 271, 281,

299–301, 515
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– see also paclitaxel
taxol biosynthesis   298
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– epoxidation   142
Taxomyces andreanae 55, 65
Taxus 4, 269
– agrobacterium   130
– cytochrome P450 taxoid hydroxylases   214
Taxus baccata 110, 120, 124
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Taxus brevifolia 55, 59, 65, 87, 110, 124, 281
Taxus canadensis 178, 300
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– genetic modification   522
Taxus cuspidata 190
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Taxus wallichiana 66, 75
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– stage of development   497
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– isoforms   211
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medicinal plants   387
terpenoid pathway   388–390
– cannabinoids   390
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The International Seed Treaty   403
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– HPTLC   14
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thymocyte proliferation (TP) assay   68
thymol   114, 473
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– O. kuroiwai 453
– O. pumila 453
– Ophiorrhiza liukiuensis 453
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– pharmaceutical production   327
– pmt gene   252
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tobacco mosaic virus (TMV)   23
– Nicotiana tabacum 24
tomatidine   238
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Torreya taxifolia 59, 67
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α-toxin   100
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Trade-Related aspects of Intellectual Property
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– microarrays   382
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– generation   385–386
– transformation systems   385
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460
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transgenic plants   157
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transgenic tobacco plants   326
transient expression analysis   384
transient GlcNAc   351
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Treaty on Plant Genetic Resources for Food

and Agriculture   403
trichome   212
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Trichothecium 66
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TRIPS   see trade-related aspects of

intellectual property rights
Tripterygium wilfordii 58, 67, 120
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Triticum aestivum 205
– NADPH:cytochrome P450 Reductase

(OpCPR)   462
trolox   68
tropane alkaloids, engineered medicinal

plants   388
tropinone   248
tropinone reductases   253–254, 256
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Tylophora asthmatica 120
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Modern Biopharmaceuticals: Design, Development and Optimization. Dedicated
to Francis Crick (1916–2004), edited by Jörg Knäblein. Wiley-VCH Verlag
GmbH & Co. KGaA: Weinheim, Germany, 2005. ISBN 3-527-31184-X. 

In 1982, the first biopharmaceutical product, “humulin,” recombinant human in-
sulin, produced in Escherichia coli was approved for use in the United States, mark-
ing the beginning of the biopharmaceutical industry. Since then the biopharma-
ceutical market has burgeoned at an accelerating rate. Modern Biopharmaceuticals
is a four-volume work intended to introduce readers to a comprehensive set of re-
cently developed technologies, which shows the paradigm shifts in the health care
system and reflects these changes in industrial research.

Modern Biopharmaceuticals is a truly international venture. The 186 contributors
are scientists and business leaders from academic, industrial, and governmental
laboratories working in 17 countries. Knäblein’s work may be unprecedented in
having such an impressive group of individuals contribute to one biotechnology
book: e.g. Nobel laureates Robert Huber (1988), Thomas R. Cech (1989), and Man-
fred Eigen (1967) are represented. Extraordinary contributors like the world’s top
scientists from internationally prestigious academic institutions such as the Cali-
fornia Institute of Technology, Cambridge University, Charité Campus Benjamin
Franklin, the Eidgenössische Technische Hochschule (ETH), Fraunhofer Institute
for Molecular Biology and Applied Ecology, Harvard University, Imperial College
London, Johns Hopkins, Karolinska Institutet, Kyoto University, Max-Planck-Insti-
tut für Biochemie, Massachusetts Institute of Technology, National Cancer Insti-
tute, National Institutes of Health, Oxford University, Princeton University,
Scripps Institute, Seoul National University, Stanford University, the Technion,
the Weizmann Institute of Science, and Yale University, as well as business lead-
ers from biotechnology companies, and the U.S Food and Drug Administration
(FDA) are included.

Modern Biopharmaceuticals is an impressive accumulation of outstanding results
presented by brilliant, privileged and creative thinkers who shape the biotechnolo-
gy of our future. It reads like “The Guinness Book of Biotechnology” in which the
who is who of biotechnology experts divulge their first hand experience. Because of
this fantastic line up of world class experts from major biotech companies and fa-
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mous research institutes Modern Biopharmaceuticals, has earned impressive cri-
tiques from several Nobel Prize laureates already – e.g. from James D. Watson:

“The making of pharmaceutical and diagnostic agents in cells has moved from edge to
the center of their respective commercial development. With ‘Modern Biopharmaceuticals’,
Jörg presents an outstanding collection of articles from groundbreaking scientists, compre-
hensively describing the many novel ways cells so are being deployed toward human
good.”

Due to its success, Modern Biopharmaceuticals is expected to see further, even
more comprehensive editions. Additional topics, content, and current trends can
already now be reviewed at the biotechnology hub http://www.get-gps.net and dis-
cussed with the Global Pharma Specialists from Knäblein’s world-wide network. 

Jörg Knäblein, Head of Microbiological Chemistry at Schering AG, Berlin, Ger-
many and Scientific Advisor, Executive Board Member, and President of the Euro-
pean Association of Pharmaceutical Biotechnology, studied biotechnology/chemi-
cal engineering at the Gesellschaft für Biotechnologische Forschung (GBF). After
some industrial experience as biotechnologist in Alzheimer’s research at Hoechst
UK (London), he decided to also study biochemistry. He did his diploma in Bio-
chemistry at the Max-Planck-Institute für Biochemie at Martinsried/Munich, and
afterwards worked as Biochemist at Hoechst in Somerville, New Jersey, USA. Af-
ter coming back to Munich, he received his PhD degree from Max-Planck-Institute
für Biochemie, where he worked in the group of 1988 Nobel chemistry laureate
Robert Huber, who wrote one of the two forewords for Modern Biopharmaceuticals.
Together with Professor Huber, Jörg founded his own biotechnology company and
worked for a consulting firm focusing on the Life Science business of global
players, while also co-founding the PharmaManagement Network. As a recipient
of numerous awards and honors, he has chaired and organized several internation-
al pharmaceutical conferences and is a member of the editorial board of the Euro-
pean Journal of Pharmaceutics and Biopharmaceuticals. He advises international
clients, institutions, and governments, lectures extensively around the world, and
has authored many journal articles, several books, and holds a number of patents.
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