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Aum Bhur Bhuvah Swah, Tat Savitur Varenyam
Bhargo Devasya Dhimahi, Dhiyo Yo Nah Prachodayat
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Aum: Symbol of the Para Brahman; The primeval sound
Bhur: Physical plane
Bhuvah: Astral plane
Swah: Celestial plane, spiritual world
Tat: Transcedent Parmatman
Savitur: The Sun, Creator, Preserver
Varenyam: Fit to be worshipped; most adorable, enchanting
Bhargo: Remover of sins and ignorance; Glory Effulgence
Devasya: Resplendent; shining
Dheemahi: We meditate upon
Dhiyo: The Intellect; Understanding
Yo: May this light
Nah: Our
Prachodyat: Enlighten; Guide; Impel, Inspire
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“We meditate on the Divine Mother’s glory, Who is the Protector, the basis
of all life, Who is self-existent, Who is free from all pains and Whose very
contact frees the soul from all troubles, Who pervades the Universe and
sustains all, the Creator and Energizer of the whole Universe, the Giver of
happiness, Who is the embodiment of Knowledge and Light, Who is Pure
and the Purifier of all, let us embrace the Divine Mother, so that She may
enlighten our intellects.”
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This book is dedicated with love to Her children
Tanmay and Geetansh
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Preface

The ancient physicians of India said and proved that ‘there is no plant in this world which
is not a medicine’. Scientists too have begun to realize that if we intend to provide
affordable and accessible healthcare globally, we should sustainably utilize the available
medicinal plant biodiversity. Plant-derived drugs can be a panacea, provided we utilize
them on a scientific basis. Medicinal and aromatic plants (MAPs) are nature’s gift and have
been used for allaying disease and improving the quality of life for ages. The area of
medicinal plants is once again witnessing burgeoning interest in view of their colossal
potential to prevent and cure virtually any disease. MAPs continue to and will remain
invaluable sources of new chemical entities in future.

In recent years compounds derived from MAPs have been commercially exploited by
the pharma, food, flavour, fragrance, dyeing and pesticide industry. The disparate
relationship between demand and supply has necessitated conventional and modern
research in the field. A paradigm shift towards biotechnological applications is evident
since modern biotech tools offer novel opportunities not only for improved production of
useful compounds, but also development of designer plants, a feat impossible to
accomplish by conventional approaches. The future appears bright, but the proof of the
pudding lies in the fact that the designer crops should find commercial application and a
long way would have to be traversed before the lab to land to market concept becomes a
reality.

The present book has been conceived with the intention of providing the state-of-the-
art in the subject and discusses the various facets in the light of contemporary
developments. The book is organized into ten major sections.

Section I highlights the emerging trends in medicinal plant biotechnology, emphasizing
the current state of expertise available at the hands of researchers for production of a
plethora of medicinal compounds in plants cell factories.

Indiscriminate population growth, coupled with urbanization and overharvesting has
led to erosion of precious genetic resources. In addition, extensive human intervention has
resulted in global climate change, which is taking a heavy toll on natural biodiversity.
Further climate change might usher in more vagaries of environment and several medicinal
plant species may become endangered or extinct in coming times. The need of the hour is
to conserve the MAPs and step up efforts to develop improved diverse environment-
tolerant strains. Section II discusses the tools available for conservation of genetic
resources, and the potential and opportunities of microsatellite markers in genetic diversity
screening.

Section III of this book provides a glimpse of the role micropropagation can play in
mass multiplication of elite genotypes of MAPs. The finer nuances of in vitro secondary
metabolite production form the basis of Section I'V.

Hairy roots offer immense potential for the production of secondary metabolites as
they are amenable to upscaling in bioreactors. Hairy roots can be utilized for
phytoremediation, and via metabolic engineering it is feasible to overexpress genes and
produce recombinant proteins. Section V deliberates on the role of hairy roots in secondary
metabolite production and discusses the biotechnological applications of plant—microbe
interactions.

X1
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Genomic and proteomic approaches have been utilized for understanding the intricate
mechanisms involved in secondary metabolite synthesis. Section VI discusses important
analytical platforms and databases ranging from plant transcriptomics to metabolomics.

A new trend is fast emerging with the hitherto inconceivable amalgamation of
computers and biology/biotechnology. Section VII focuses on the bioinformatics tools for
virtual screening of anticancer drugs. Though still in a stage of infancy, bioinformatic
approaches are going to become the mainstay of medicinal plant biotechnology in future.

Section VIII discusses the potential of molecular tools for characterization of
phytodiversity, while Section IX exclusively focuses on molecular farming for production
of biopharmaceuticals. Transgenic medicinal plants that produce edible HIV, hepatitis,
cholera vaccines and the like will be in great demand in coming years.

Section X deliberates on the use of a multipronged approach in the discipline of
medicinal plant biotechnology so that leads from diverse disciplines like chemistry,
pharmacology and nanotechnology can be integrated.

The hope and hype associated with developments in the field will have to be confronted
head on with a greater degree of maturity in the future.

I must humbly admit that it is impossible to cover all aspects of medicinal plant
biotechnology in a small book like this; nonetheless, an attempt has been made to focus on
some important recent developments and upcoming trends. It is hoped that the readers will
be benefited from this endeavour.

20 October, 2010 Rajesh
Arora
(rajesharoradr@rediffmail.com)

The views expressed here and elsewhere in the book are my own and not those of the
Government of India.



Foreword

Medicinal plants have been man’s best friend for a long time. Early civilizations relied
exclusively on the medicinal plants for treating their various ailments and slowly what
started as primitive herbal medicine around the world evolved into full-fledged systems
like Ayurveda, Unani, Chinese, European, Japanese and Korean systems of medicine,
primarily focusing on holistic healing encompassing prophylaxis and therapeutics. The
utilization of medicinal plants for a plethora of applications has resulted in renewed interest
for they offer practical and safe medical solutions for use by the masses.

Though earth has been bestowed with a rich biodiversity, overexploitation of medicinal
plants has led many of them to the verge of extinction. On the other hand, medicinal plants
often have to tolerate extreme milieu; they are vulnerable to bacterial/fungal/viral
infections themselves and in order to survive continuously evolve and develop mechanisms
to synthesize secondary metabolites. However, the yield of secondary metabolites in plants
grown in the field is often low at times to be able to meet the burgeoning demand.

It has been realized over the years that plant improvement is essential, especially for
obtaining higher yields of high-value, low-volume medicinally useful compounds.
Conventional genetic approaches have helped in myriads of ways by improving plant
strains and productivity of secondary metabolites. None the less, the need has been felt for
improved procedures and protocols for medicinal plant improvement and it is here that
plant biotechnology has carved a niche for itself.

Medicinal plant biotechnology continues to be an emerging area and besides effecting
improved secondary metabolite production, it has positively impacted conservation of elite
strains. Biotechnological interventions have helped in selection, multiplication,
improvement and better molecular analysis of elite medicinal plants. Genetic
transformation has served as a powerful tool for enhancing the productivity of secondary
metabolites and production of novel medicinal plants. Several new strains/varieties of
medicinal plants have been developed that are highly resistant to diseases, vagaries of
environment, and produce entirely different novel compounds that are not found in nature’s
repertoire, utilizing rDNA technology and taking leads from advances in genomics and
proteomics. Up-scaling of secondary metabolite production in bioreactors has led to
reduction of cost to a great extent, while DNA microarrays are increasingly being utilized
as high throughput screening tools for the simultaneous analysis of multiple genes and
gene expression to gain information on the intricate regulatory molecular pathways. The
newly emerging field of bioinformatics of medicinal plants is another area where there is
immense scope for research. Edible vaccines have already been produced in plants and will
shortly hit the market. In coming years, we might witness several more exclusive designer
medicinal plants with multiple traits which could serve not only as a panacea, but also beat
climate change.

I am extremely happy to learn that Dr Rajesh Arora has envisaged a book on this
important emerging cross-cutting area, covering the latest aspects in the field of Medicinal
Plant Biotechnology, by bringing together eminent scientists from across the globe. I am
sure the book will be useful to researchers, academicians and students alike.

I congratulate Dr Arora on his endeavour and wish the book all success.

Dr W. Selvamurthy
Distinguished Scientist and Chief Controller Research and Development

Defence Research and Development Organization (Government of India), New Delhi, India
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Chapter 1

Emerging Trends in Medicinal Plant
Biotechnology

Rajesh Arora, Archana Mathur and Ajay K. Mathur

Introduction

The consumption of herbal medicines is increasing world over, primarily due to the
benefits it offers. As per World Health Organization estimates, nearly 80% of the world’s
population in developing countries relies primarily on herbal medicine for meeting their
healthcare needs (Vines, 2004; Sharma and Arora, 2006; Arora, 2010). Normally,
medicinal plants are harvested from the wild, which causes habitat destruction leading to
depletion of the irreplaceable genetic diversity. Systematic cultivation of medicinal plants
has been proposed and adopted quite often as a substitute to collection from the wild and
has the following advantages: (i) optimization of yield and high quality product; (ii) no
problem of mistaken identity; (iii) reduction of genetic and phenotypic variability; (iv) the
issue of contaminants is taken care of; (v) the problem of variability in extracts and their
instability is reduced; and (vi) availability in large quantities without disturbing the natural
environment. However, sometimes the spectra of compounds produced by medicinal and
aromatic plants (MAPs) under cultivation are quite different from those of wild
populations. In order to obtain elite germplasm with enhanced qualities conventional plant-
breeding methods have been extensively employed to improve agronomical as well as
medicinal traits and molecular marker assisted breeding has been used with substantial
returns on investment. None the less, it has been felt that significant improvement of MAPs
for meeting the ever increasing demand of the industry in future is possible only by
employing biotechnological interventions.

Phytomedicines Drive the Biotech Industry

MAPs have been utilized for the prevention and treatment of diseases for a long time. In
recent years, a plethora of drugs have been derived from medicinal plants e.g., reserpine, an
antihypertensive alkaloid from Rauvolfia serpentina, vinblastine, an antitumour alkaloid
from Catharanthus roseus, podophyllotoxin from Podophyllum hexandrum and P.

©CAB International 2010. Medicinal Plant Biotechnology 1
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2 Emerging Trends in Medicinal Plant Biotechnology

peltatum, morphine, a narcotic derived from Papaver somniferum, cocaine, a local
anaesthetic and a potent CNS stimulant from Erythroxylon coca, strychnine, a nerve
stimulant from Strychnos nux vomica, caffeine from tea, coffee beans and cocoa, quinine
from Cinchona ledgeriana and C. succirubra, artemisinin, an antimalarial drug from
Artemisia annua, atropine, a parasympatholytic agent from Atropa belladonna,
camptothecin, the chemotherapy drug from Camptotheca acuminata, taxol, the anticancer
drug from Taxus brevifolia and Taxus baccata, papaverine from Papaver somniferum,
silybin from Silybum marianum, hyperoside from Crateaegus laevigata, anticancer
genistein and diadzein from Glycine max, hypericin from Hypericum perforatum etc.
(Sharma and Arora, 2006; Arora, 2010). MAPs are not only important as drugs, but are a
repository of future drugs that can solve emerging diseases e.g., AIDS, novel HINI flu
(Arora et al., 2011) and emerging problems of modernization like chemical, biological,
radiological and nuclear (CBRN) threats (Arora, 2008).

Natural plant products have served as important sources of raw materials for food,
pharma, cosmetics and nutraceutical industries (Phillipson, 2003; Oksman-Caldentey and
Inze, 2004). The medicinal importance of MAPs has necessitated research and this in turn
is the driving force for the biotech industry.

Conservation of Medicinal Plants: the Crucial Role of Biotechnology

Natural selection over the course of years has led to the evolution of MAPs with diverse
traits. This genetic diversity has been harvested for human use per se and also forms the
basis for selection of new and improved varieties of MAPs, which researchers utilize for
development of new chemical entities with diverse medical applications. There has been a
rapid erosion of the important natural resource of medicinal and aromatic plants due to a
variety of reasons including: (i) overharvesting from the wild for commercial use since it is
cheaper; (ii) rapid and extensive population growth leading to irreparable environmental
damage; (iii) extensive industrialization; (iv) deforestation; (v) substitution of local
genotypes with improved varieties and hybrids; (vi) forest fires; (vii) natural disasters;
(viii) climate change; (ix) development of land for agriculture; (x) changes in agricultural
practices; and (xi) abuse of pesticides, weedicides and other agrochemicals etc.
Consequently, a rapid and profound erosion of invaluable bioresource has occurred, often
leading to loss of several species whose true potential had hardly been explored.

The herbal industry has paid scant attention so far to the efficient utilization and
conservation of natural resource in the environment. It is, therefore, imperative to conserve
this precious bioresource. Both in situ and ex situ methods of conservation have been
utilized in recent years and are essential. However, it has been unanimously felt that
biotechnological interventions are essential for selection, maintenance and multiplication of
the elite genotypes of MAPs.

Tissue culture has been widely employed for conservation of MAPs. However, tissue
culture-based approaches aimed at in vitro conservation of MAPs should be able to
efficiently and rapidly multiply and preserve genetic stability of the plant material.
Conservation of germplasm using tissue culture techniques can be envisaged either as
short- and medium-term conservation or as long-term conservation/cryopreservation.
Molecular techniques are increasingly being employed for germplasm characterization.
However, a lot needs to be done in this area. The coming years are likely to witness more
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efforts in the direction of conservation of medicinal and aromatic plants since climate
change is taking a heavy toll and several useful plant species are on the verge of extinction.

Chapters 3 and 4 of this book discuss some of the issues relating to ex situ and in situ
conservation of Podophyllum hexandrum, an important medicinal plant species, of the
Himalayan region.

Micropropagation (Quality Assurance and Quality Control)

Plant tissue culture techniques offer a viable solution for the production of standardized
quality phytopharmaceuticals through mass-production of consistent plant material for
physiological characterization and analysis of active ingredients. Micropropagation
protocols for cloning a variety of MAPs have been developed over the years (Rout et al.,
2000; Nalawade and Tsay, 2004; Rathore et al., 2010). Integrated approaches of
micropropagation are needed to provide a basis for the development of novel, safe,
effective, and high-quality commercial products.

Micropropagation can be utilized for rapid multiplication of elite clones. The
advantages offered by micropropagation of medicinal plants are many and are discussed in
Chapter 6. Although micropropagation is a multi-billion dollar industry, the share of MAPs
as of now is miniscule, though efficient protocols for several MAPs are available. It is
anticipated that with the realization of the importance of quality medicinal plants for the
pharmaceutical industry and rapid depletion of natural populations, more attention will be
paid to this area. Image-guided robotics for automation of micropropagation will help
reduce costs, while assuring quality assurance and quality control.

Micropropagation by conventional techniques is a labour-intensive method.
Automation of micropropagation in bioreactors has been suggested as an economically
viable solution (Cazzulino et al., 1991). Photoautotrophic micropropagation systems
(entirely dependent on photosynthesis of plants in vitro) usually result in improved growth,
lower loss due to contamination, better quality, elevated percentage survival ex vitro and
lower production costs and have been advocated for commercial production of
micropropagated plantlets of medicinal plant species.

Cell and Tissue Cultures: Do They Represent Factories of the Future?

Secondary metabolites are often produced in miniscule quantities in the plant and the ever
increasing demands of the industry can hardly be met through this approach. Therefore,
attention has been paid to development of biotechnological methods. Plant cell and tissue
cultures represent a viable renewable resource of industrially important plant natural
products, required for food, drug, fragrance, flavour and dye industries (Phillipson, 2003;
Mulabagal and Tsay, 2004; Oksman-Caldentey and Inze, 2004). Some of the exclusive
advantages that cell and tissue culture-based production technology provide include the
following: (i) control of product supply independent of the geographical availability of
plant; (ii)) no constraint of seasonal fluctuations; (iii) uniform growth under defined
environment; (iv) shorter life cycle free of seasonal or batch-to-batch variation; (v) bio-
transformation through feeding and elicitation is possible; (vi) simpler organization
provides minimum structural constraints and neighbouring cell interference; (vii) ease with
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which cultivation conditions can be altered and optimized to up or down regulate the
pathway expression; (viii) complications related to long distant transport, permeability and
segregation of metabolic pools are minimized; (ix) sterility ensures that biogenesis of target
molecule is not mediated through associated microflora prevalent in vivo;, (X) easy
dissection of metabolic steps at interphase of primary and secondary metabolism; (xi)
biosynthetic steps expressed at low level or for very limited time in intact plants can be
prolonged; (xii) no use of harmful pesticides and herbicides that are generally used during
field; (xiii) cultivation can be completely avoided and better quality can be assured; (xiv)
industrial upscaling in bioreactor is possible; (xv) less complex downstream extraction
processes; and (xvi) reliable and apredictable production under a defined set of conditions.

The experimental strategies that have been followed in attempts to produce increased
levels of a desired plant metabolite in cell culture system include: (i) optmization of growth
medium for biomass and/or metabolite synthesis and accumulation; (ii) selection of high
yielding cell/tissue lines; (iii) designing of a suitable cell or tissue type through genetic
transformation with the aim to amplify a pathway gene to augment the carbon flux towards
the synthesis of a desired molecule or to block the diversion of a key branch point
precursor /intermediate towards a competitive pathway; (iv) defining elicitation factors that
can regulate the expression of master regulators (transcription factors) of an intended
pathway for global activation of several pathway genes via signal transduction
mechanisms; (v) minimization of catabolism (post-biogenetic conversions) of desired
metabolite etc.

The commercial successes have not been proportionate to the level of expectations that
were generated initially. However, a few notable exceptions are the production of
ginsenosides by Nitto Denko Corporation; berberine from Coptis japonica and Thalictrum
minus by Mitsui Petrochemical Industries and paclitaxel from Taxus by ESCA Genetics
and PhytonBiotech GmbH, Germany (Dérnenberg, 2008). Besides these, shikonin from
Lithospermum erythrorhizon (Fujita, 1988) and rosmarinic acid from Coleus blumei
(Ulbrich et al., 1985) have also been reported to be produced at large scale in cell cultures.
There can be several reasons for this slow pace of advancement such as poor understanding
of the biogenetic pathway of the target molecule(s), low expression of key pathway
genes/enzymes in undifferentiated cultures, genetic instability of cells in vitro, tissue or
organ specific synthesis and/or accumulation of desired product, and too much emphasis on
employing a wild type cell or tissue for the hyperexpression of a native pathway under a set
of defined culture conditions rather than designing or tailoring a cell or tissue to perform a
definite biochemical task (Alfermann and Peterson, 1995; Yeoman and Yeoman, 1996; Wu
and Zhong, 1999; Bourgaud et al., 2001; Julsing et al., 2007). Bioreactors have been
utilized for production of secondary metabolites (Wang et al., 2010).

Metabolomics and Metabolic Engineering

Recent advances have led to generation of new knowledge and better understanding of the
intricate genetic and biochemical mechanisms involved in biosynthesis of plant secondary
metabolites. A plethora of genes involved in secondary metabolite synthesis have been
isolated and a cascade of steps of metabolic pathways have been delineated. There is
general consensus now that to achieve improved production of secondary metabolites, it is
imperative to understand the biogenetic pathways in greater detail at gene/enzyme level.
The rate limiting steps of targeted pathway can only be overcome if we understand their
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intrinsic regulation, both in vitro and in planta (Saito et al., 1992; Verpoorte and
Alfermann, 2000; Liao, 2004; Koffas and Cardayre, 2005). These holistic considerations
are collectively studied under a new emerging area of research called metabolic
engineering (ME). Metabolic engineering takes into account the identification of major
blocks or control points of a pathway at molecular level, followed by removal of these
limitations with the aid of biotechnological tools (Kutchan, 2005; Hall, 2006; Gomez-
Galera et al., 2007; Chang et al., 2007; Petersen, 2007; Schwender, 2008; Allen et al.,
2009). A significant increment in the yield of a desired metabolite can be brought about by:
(1) optimal induction of genes/enzymes of an intended pathway at the right time and right
place; (ii) assured supply of starting precursor(s) and/or limiting intermediates, particularly
those that lie at the border line of primary and secondary metabolisms; and (iii) sufficient
sink capacity to store the synthesized product (Mathur ef al., 2006). Metabolic engineering,
therefore, is a sum of all the optimization efforts culminating in the upregulation of
required biochemical and genetical expression of a metabolic flux (Tyo ef al., 2007).

Metabolic engineering of cultured cells and tissues to provide efficient production
technology for phytomolecules allows the search for rate controlling steps of a metabolic
pathway that can be engineered for better expression (Verpoorte et al., 2002). The majority
of pathway upregulation attempts generally aim to ‘push’ the metabolic flux of a pathway
towards a target end-product by overexpressing the enzymatic steps located upstream in the
biogenetic route (Charlwood and Pletsch, 2002; Julsing et al., 2007). However, it has been
observed that such manipulations do not normally result in channelization of the flux in the
expected direction as native regulatory mechanism of a cell always tries to neutralize the
effect of a hyper-expressed gene. An alternative approach advocated is to ‘pull’ the flux
towards a targeted product by upregulating a terminal step of the pathway located
downstream in the sequence of biochemical events. This has been elegantly demonstrated
by Zhang et al. (2004) in hairy roots of Hyoscymus niger. Parallel evidences for several
other metabolic pathways resulting in better productivity of anthocyanins, flavonoids and
terpenes in cell cultures are accumulating (Zhou and Wu, 2006).

Renewed momentum in the area of metabolic engineering has been due to rapid
advancements made in the fields of pathway elucidation at enzyme and gene level, ‘-omic’
science interventions to up- or down-regulate the expression of genes, and the ease with
which cells can now be engineered with foreign genes for homo-to-hetero-logous
expression of a native or novel metabolic pathway (Oksman-Caldentey and Saito, 2005;
Terryn et al., 2006; Julsing ef al., 2007).

Hairy Root Culture Technology

A plethora of MAPs have been genetically tranformed to yield hairy roots. Hairy roots of
several medicinal plant species have been grown in bioreactors not only for improved
productivity, but also for de novo synthesis of secondary metabolites. The other main
applications of transformed root cultures include production of high-value metabolites and
biotransformation, phytoremediation, regeneration of whole plants and production of
artificial seeds (Giri et al., 2001; Guillon et al., 2006; Georgiev et al., 2007; also see
Chapters 9-11 and 13 of this book).

Hairy roots have a number of advantages over cell cultures as a production platform for
secondary metabolites. In recent years, several advances have taken place in areas like
elicitation, precursor feeding, cellular permeability, trapping of secondary metabolites
released in the milieu etc. However, the true potential of hairy roots has so far not been
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fully harnessed. Some areas that need more attention in the future include studies on culture
conditions, metabolic engineering, productivity, secretion, growth in bioreactors, upscaling
and harvesting of secondary metabolites. Hairy roots can be employed as a novel system
for molecular farming. Hairy roots have been shown to produce a variety of compounds
including functional antibodies, fusion proteins, poly (3-hydroxybutyrate), etc. There is a
need to develop better upscaling systems for hairy roots so that their true potential can be
realized. The production of antimalarial drug Artemisinin has been shown in bioreactors
from hairy root cultures of Artemisia annua, as have the anticholinergic drugs Atropine and
hysocamine from hairy root cultures of Atropa belladonna and Datura stramonium.

Environmental pollution is on the rise and extensively affects human populations.
Physicochemical technologies of environmental cleanup are expensive and, therefore,
plants are being viewed as potential agents for phytoremediation. Hairy roots are amenable
to genetic transformation and transgenic approaches have been used to study candidate
genes that effect pollutant removal. Hairy roots have been used for bioremediation of toxic
wastes, including removal of important water and soil pollutants such as metals, explosives,
radionuclides, uranium, insecticides and antibiotics (Eapen ef al., 2003; Flocco and
Giulietti, 2007; Suza et al., 2008; Abhilash et al., 2009). The advantage offered by hairy
roots for use in phytoremediation is due to their ability to grow rapidly in microbe-free
conditions, providing a greater surface area of contact between contaminant and tissue, and
their genetic and metabolic stablity (Gujarathi et al., 2005).

Molecular Farming

The term molecular farming was initially used in the 1980s to refer to the production of
high-value, low-volume compounds in transgenic animals, but is now mainly used to refer
to the production of pharmaceutically important and commercially valuable proteins in
plants (Fisher and Emans, 2000). Pharmaceuticals have been produced in mammalian or
bacterial cells. Though the bacterial production system has several advantages, i.e. easy
handling, simple fermentation requirements, known genetic make up, short generation time,
and the potential to accumulate transgenic proteins to high titres, a major drawback with
bacterial systems is their inability to perform post-translational modifications like N- and
O-glycosylation, fatty acylation, phosphorylation and disulphide bond formation, which are
often required for proper assembly and functionality of a protein. Plant cells possess: (i)
full post-translational modification potential; (ii) have simple growth requirements; and (iii)
unrestrained scalability of whole plants in the field. In addition, plants allow targeting of
the recombinant proteins produced to different organs or subcellular compartment, thereby
allowing improved protection against proteolysis (Benchabane et al., 2008). Another
advantage that plants possess is that they do not harbour human or zoonotic pathogens and
this makes them a safe model for the production of pharmaceutically important compunds.
Over the years, a large number of compounds have been produced in plants. The first
therapeutically important recombinant protein to be expressed in plant system was the
human growth hormone. Subsequently, more complex proteins were produced e.g, IgG1
antibody in tobacco (Hiatt e al., 1989), human serum albumin in tobacco and potato
(Sijmons et al., 1990), human alpha-interferon in rice (Zhu et al., 1994), glucocerbrosidase
and human protein C serum protease in tobacco (Cramer et al., 1996), IL-12 in tomato
(Gutiérrez-Ortga et al., 2005), recombinant camelid antibody with specificity for cancer
associated mucin in Nicotiana tabacum (Ismaili et al., 2007), a model full-length
humanized monoclonal antibody (Law et al., 2006) andan HIV-neutralizing antibody



Emerging Trends in Medicinal Plant Biotechnology 7

(Ramessar et al., 2008) in maize. A variety of edible plants have been utilized to express
vaccines and therapeutic antibodies e.g., potato, carrot, spinach, lettuce, tomato, banana (
Karg and Kallio, 2009; Sharma and Sharma, 2009).

The use of plants as bioreactors is an emerging area where significant advances have
been made. Plant cells are ideal bioreactors for the production and oral delivery of vaccines
and biopharmaceuticals. The advantages include low production cost, product safety and
easy scale up. Besides, the use of plants obviates the need for purification, cold storage,
transportation and sterile delivery. Though plant vaccines have been developed for the past
two decades, none has advanced beyond Phase 1. Only some plant-made
biopharmaceuticals have advanced to Phase II and Phase II human clinical trials (Daniell et
al., 2009).

More research is needed in the following areas so that plant-based vaccines can become
a reality, viz., development of better functional assays, large-scale production, purification,
functional characterization, oral delivery, transgene silencing in nuclear transgenic plants,
transgene containment, preclinical and clinical evaluation etc.

The Biotechnology—Bioinformatics Interface

Developments in the area of biotech have been interspersed with advances in computers
leading to a new discipline, bioinformatics. Bioinformatics holds immense potential for
drug development. Drug discovery from natural products is a complex, time consuming
process that involves huge investments. The time taken for development of a candidate
drug up to its commercial availability can vary from about 5-30 years and usually involves
investments to the tune of several million dollars. Computational biology and
bioinformatics approaches have the potential of not only speeding up the drug discovery
process, thereby reducing the costs, but also of changing the way drugs are designed. In
view of this, a lot of attention is being focused in this area. Bioinformatics is a new and fast
evolving field that is being driven by developments and practical application of the various
‘-omics technologies’. Applied bioinformatic approaches are being used employing
different crops and model plants.

Bioinformatics is going to play a key role in the development of new drugs in the future
since the amount of data genereated is growing exponentially and there is a parallel growth
in the demand for tools and methods in data management, visualization, integration,
analysis, modeling and prediction, particulaly relating to sequence, gene expression,
protein, metabolite and phenotypic data. Novel databases are being generated for specific
species or experimental sets and these databases and tools may greatly assist in the
application of medicinal plant biotechnology in future.

Since most medicinal plant experts are unfamiliar with the available bioinformatics
methods, tools and databases, there is a need to train the future generation in this emerging
area in coming years if the fruits of this technology have to harvested holistically. Some
fundamental issues related to biological sequence analyses, transcriptome analyses,
computational proteomics, computational metabolomics, bio-ontologies and biological
databases need to be explored to fully exploit this emerging technology (Edwards, 2006).
Chapter 15 discusses virtual screening of anticancer drugs.

With rapid advances in the development of advanced automated DNA sequencers and
allied technology, immense data on gene sequences, proteins, gene and protein expression
have been generated over the years. The integration of information technology providers
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and biologists has resulted in an approach to analyse the data on sequence information
stored in databases and this approach is referred to as computational biology, which mainly
aims to: (i) identify genes of interest in stored DNA sequences; (ii) develop novel
approaches to predict the structure or function of newly discovered protein(s); (iii) develop
new protein models; iv) categorize protein sequences into families of related sequences; (v)
generate phylogenetic trees by alignment of similar proteins; and (vi) examine evolutionary
relationships between proteins.

It is anticipated that in the future bioinformatic tools will be applied to more MAPs
since better software will become available that would be more user friendly and less
expensive; in silico testing will become easy and less complicated, computing speeds,
storage capabiities and data sharing will improve, the accuracy and the ability of DNA and
protein microarray technologies to detect small differences will improve substantially. This
would definitely result in a better understanding of the intricate mechanisms and lead to
designing better drugs from medicinal plants.

The Emergence of Nanotechnology

Advances in the field of nanotechnology have begun to impact plant biotechnology. A
honeycomb mesoporous silica nanoparticle (MSN) system with 3-nm pores was used to
transport DNA and chemicals into isolated plant cells and intact leaves (Torney et al.,
2007). Further developments such as pore enlargement and multifunctionalization of these
MSNs may offer new possibilities in target-specific delivery of proteins, nucleotides and
chemicals in plant biotechnology. Quantum dots (QDs) have been introduced in recent
years as a promising new tool in life sciences in view of their unique optical properties
(Michalet et al., 2005; Miiller et al., 2006). They are highly stable during excitation and
have characteristic absorption and emission spectra. These nanoparticles would have
widespread applications in plant biotechnology in coming years.

Nanotechnology will impact medicinal plant biotechnology in a major way. With rapid
advances in the field of nanotechnology, it is anticipated that micro- and nanoreactors with
high surface to volume ratio will find application in the field of medicinal plant
biotechnology. Micro- and nanoreactors could be initially used for high-value, low-volume
compounds, e.g. pharmaceuticals, nutritional compounds, flavours, fragrances and dyes etc.
and later on for bulky production processes. The acceptance of pharmaceuticals produced
by rDNA technology and nanotechnology in the future will be an issue where it would be
necessary to gain the trust of the consumers based on risk/benefit evaluation.

Conclusion

New trends in biotechnology reveal that although advances in the area of medicinal plant
biotechnology have been rapid, there is a need for a multipronged strategy and the
amalgamation of contemporary biotechnological tools and high-throughput and ultra-high-
throughput genome analysis, transcriptomics, proteomics, metabolomics, nanotechnology
and bioinformatics with conventional tools in medicinal plant biotechnology, coupled with
leads from diverse areas such as chemical engineering, bioprocess engineering, robotics
etc. is likely to yield fruits in coming times. The ability to express genes from biosynthetic
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pathways in heterologous organisms has paved the way to combinatorial biosynthesis. In
future, more advances are likely to be made in the area of plant combinatorial biosynthesis,
particularly for new drug development and this would have far reaching consequences in
the area of pharmaceuticals due to the ease of production and economic viability. It is also
expected that transgenic plants expressing bacterial or mammalian genes involved in
xenobiotic metabolism will improve the efficiency and safety of phytoremediation, leading
to wider applications. More attention should be paid towards the development of functional
genomics resources (EST databases and microarrays) in MAPs, offering new opportunities
for improvement of genotypes using different markers and via genetic transformation
techniques. Medicinal plant biotechnology is also likely to witness increased application of
microarrays for the analysis of gene expression. A number of medicinal compounds have
been produced in bioreactors, e.g. rosmarinic acid from Coleus blumei, berberine from
Coptis japonica, ginsenosides from Panax ginseng, podophyllotoxin from Podophyllum
hexandrum and Linum album, sanguinarine from Papaver somniferum and antitumour drug
taxol from Taxus baccata. In future, more such compounds may be produced in macro-,
micro- or nano-bioreactors. Potential applications of nanotechnology in medicinal plant
biotechnology will be in the areas of high-throughput DNA sequencing and nano-
fabricated gel-free systems, DNA and protein microarrays and expression profiling, speedy
and accurate disease diagnosis, bionanostructures for inserting functional molecules into
plant cells, nanobiosensors for manipulation of culture conditions in bioreactors, micro-
and nanobioreactors and simulated nanocells for secondary metabolite production. Though
too early to predict, it is anticipated that nanoparticles could be produced in fields of
genetically engineered crops, possibly MAPs also, leading to ‘particle farming’. A cautious
monitoring of the developments in the field of medicinal plant biotechnology is also
essential to prevent the use of highly toxic medicinal compounds for abetting terrorism.
Medicinal plant biotechnology does have a bright future, none the less; for this, scientists
and researchers from diverse disciplines, including chemistry and pharmacology,
nanotechnology, molecular biology, engineering, physics etc. will have to innovate and
synergize their efforts in coming years.
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Chapter 2

Medicinal Compounds Produced in Plant Cell
Factories

Suvi T. Hikkinen and Anneli Ritala

Introduction

The importance of plants as a source of medicinal compounds is widely acknowledged
nowadays, with approximately 80% of the world’s population depending on herbal
medicine as a primary health care, according to the World Health Organization (Vines
2004). This causes considerable pressure on many species, since the majority of the
material is collected from wild plants. Globally, approximately two thirds of the total of
50,000-70,000 plant species used for medicinal purposes are collected from the wild
(Schippmann et al., 2006), and even in Europe only 10% of the medicinal species used
commercially are cultivated (Vines, 2004). Unfortunately, the limited quantity of active
metabolites in the plant, slow growth rates and destruction of natural supplies are problems
encountered when exploiting plants for medical needs. Thus, alternative sustainable and
renewable production systems are urgently needed to protect and preserve plant diversity.

During the 25-year period 1981-2006, a total of 1184 NCEs (new chemical entities)
were approved as drugs (Newman and Cragg, 2007). Of these, 52% have a natural product
connection and 30% are purely synthetic. It is interesting to note that 52% of all anti-
inflammatory drugs and 51% of all anticancer drugs hitherto approved are directly or
indirectly derived from natural sources (Newman and Cragg, 2007). A total of 24 unique
natural products discovered in the last 35 years were launched on the market, consisting of
molecules isolated from soil microorganisms (79%) and plants (21%) (Ganesan, 2008).

Plants have been utilized as medicines for thousands of years. Morphine, produced by
the opium poppy, was the first active component isolated from plants in the early 19th
century (Samuelsson, 2004). Since then many important drugs, such as artemisinin,
atropine, camptothecin, cocaine, codeine, digoxin, papaverine, pilocarpine and
podophyllotoxin, have been discovered from plants. Drug discovery from medicinal plants
has played an important role especially in fighting against cancer, with most clinical
applications of plant secondary metabolites being targeted to cancer treatment (Butler,
2004). Information provided by traditional medicine has been of great value for the
discovery of many new drugs and hundreds of pharmacologically active leads for synthetic
modifications. Currently, a large number of natural products are produced solely from
massive quantities of whole plant parts. The production of pharmaceutically important
plant metabolites has been a target for practical application of plant cell cultures for several
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decades. However, only a few compounds have reached the commercial production scale,
including shikonin and paclitaxel.

The first recombinant protein, human serum albumin, produced in plants was reported
nearly 20 years ago (Sijmons et al., 1990). Since then, a number of recombinant proteins
have been produced in plant cell cultures. The first technical plant-produced recombinant
proteins to be marketed were avidin, trypsin and B-glucuronidase. Proof-of-concept has
also been established for the plant-based production of many therapeutic proteins including
antibodies, blood products, cytokines, growth factors, hormones, recombinant enzymes and
vaccines. Currently, several plant-produced pharmaceuticals are in clinical trials and
approaching commercial release within the next few years, insulin and glucocerebrosidase
being perhaps the most advanced examples.

Selection of the Production System

Choice of the production system is the first and the most important decision to be made and
highly depends on the compound to be produced. Taking into consideration the long and
expensive path from the initial pharmaceutical/medicinal invention to production on the
market, through clinical stages and regulatory approval, the decision concerning the
manufacturing system must be made at a very early stage (Fig. 2.1). The manufacturing
system carries a long-lasting impact since it affects the viability of the whole chain. The
chosen manufacturing process cannot be changed later without substantial economical loss.

Different production hosts offer different pros and cons, and these factors must be
evaluated against the properties of the final product and against total production costs.
Depending on whether the final product is e.g. a plant-based small molecule or a
therapeutic protein, the method chosen has different requirements. Commercial production
of plant natural compounds using cell and tissue culture systems is calculated to become
viable when a product has high value, with a price exceeding $500-1000/kg (Sajc et al.,
2000). Figure 2.2 presents the advantages displayed by various production hosts to be
considered when choosing a system for production of biomedical compounds.

Various plant secondary metabolites are used as medicinal compounds, due to their
physiological actions. Thus, many efforts have been made to produce them in plant cell
cultures under controlled environment in bioreactors, since these compounds often
accumulate in very low amounts (less than 1% dry weight) in whole plants. Moreover, their
production and accumulation is commonly organ-specific or they are produced only in
specific developmental stages. Many plant-derived pharmaceutical compounds are family-
or even species specific, as for example alkaloids and terpenoids, resulting in highly
versatile designing of production platforms for each species and compound. On the other
hand, the applications of recombinant protein production have mainly been performed
using tobacco plants as expression hosts. However, along the development of plant cell
culture systems, tobacco BY-2 (Nagata et al., 2004) and NT-1 (Nagata and Kumagai,
1999) cell cultures have served as production hosts in a great majority of cases.

In addition to plant cell cultures, alternative production systems for both secondary
metabolites and recombinant proteins are harvest and extraction of the desired compounds
from whole plants, or the use of microbial cells as production hosts.
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Animal cells have hitherto been the most applied host for recombinant pharmaceutical
protein production. On the other hand, secondary metabolites can also be synthesized
chemically or via semisynthesis. Each method offers distinctive advantages and
disadvantages, depending on the compound of interest, and this will be further discussed in
the following sections.

Production in microbial hosts

If possible, the transfer of biochemical plant pathways to microbial cells offers an
attractive alternative as an environmetally friendly process. Due to their smaller genome
size, the degree of complexity in microorganisms is significantly lower than in plant cells,
and this has generated considerable interest in their exploitation for the synthesis of high-
value plant metabolites. Microorganisms have fewer intracellular organelles compared to
plant cells, and thus metabolite and enzyme compartmentalization can be negligible
(Leonard et al., 2009). In addition, the exploitation of microbial cells offers the possibility
to use inexpensive carbon sources in production processes, allowing the use of simple,
synthetic media. When it comes to large-scale cultivation, microbial cells are less sensitive
to shear stress than plant cells, allowing a wider selection of bioreactors. Moreover, the
shorter doubling time of microbial cells offers faster production rates.

Microbial hosts also have benefits in downstream processing, since typically products
are secreted out of the cells to the surrounding medium, whereas secondary metabolites
produced by plant cells are generally accumulated intracellularly. However, a bottleneck in
the exploitation of microbial cells in the production of plant-based pharmaceuticals is lack
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of knowledge of the biosynthetic enzymes and intermediates of the target compounds. For
example, reconstruction of the plant biosynthetic pathway of morphine in microbes,
starting from tyrosine, would require the functional expression of more than 17 enzymes
(Leonard et al., 2009).
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Fig. 2.2. Production of biomedical compounds — advantages offered by different production
hosts.

In addition, various enzymatic steps in plant secondary metabolite pathways involve
cytochrome P450, for example the biosynthesis of terpenoids, and the expression of redox-
partners for P450 enzymes in microbes has hitherto been rather challenging (Khosla and
Keasling, 2003). Furthermore, the lack of intracellular S-adenosyl-L-methionine, required
for various methylation reactions typical for alkaloid biosynthesis, might become a limiting
factor in microbial production systems. Efficient production of a plant-derived high-value
drug has been achieved with artemisinin, which is used for the treatment of malaria. Its
worldwide demand has led to severe shortages of natural artemisinin sources. Artemisinin
has not yet been successfully produced in plant cell or tissue cultures with economical
yields. The technology for production of artemisinin and its derivatives in a microbial
system combined with chemical synthesis strategies has been established by expressing
bacterial, yeast and plant genes in Escherichia coli (Chang et al., 2007; Hale et al., 2007)
and yeast (Ro ef al., 2006). To illustrate the importance of this kind of technology
development, the Bill and Melinda Gates Foundation granted $42.6 million funds in 2004
to this synthetic biology approach, aiming to get semi-synthetic artemisinin into poor
countries in Asia and Africa by 2012.
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Due to its extensive genetic and physiological characterization, short generation time
and established cultivation know-how, E. coli is the most widely applied prokaryotic host
for recombinant protein production. Various pharmaceuticals are being commercially
produced with E. coli, including somatotropines, insulin and interferon gamma (Schmidt,
2004). However, when it comes to recombinant protein production, being prokaryotes,
bacterial cells lack the machinery of plant and animal cells to carry out many desired post-
translational modifications, which limits their use for production of a number of medicinal
recombinant proteins. In addition, the secretion system in E. coli is still not efficient
enough to be exploited in the production of many drugs with high volume demands. Like
E. coli, yeasts can be cultivated rapidly and easily and moreover, their secretion capacity is
considerably higher. Besides Saccharomyces cerevisiae, which is the best characterized
and most extensively used yeast for recombinant protein production, applications using
Pichia as production host have increased rapidly during the past two decades, with more
than 400 proteins reported in 2002 (Lin Cereghino et al., 2002). Examples of commercial
pharmaceutical proteins produced by S. cerevisiae include hepatitis B vaccine and platelet-
derived growth factor (Schmidt, 2004).

Production in animal cells

Animal cell cultures possess the highest similarity to human cells with respect to their
ability to carry out post-translational modifications. Today, approximately 60—-70% of all
pharmaceutical recombinant proteins are produced by mammalian cells (Wurm, 2004). The
most frequently applied production host is immortalized Chinese hamster ovary (CHO)
cells. Other cell lines, such as mouse myeloma (NSO0), baby hamster kidney (BHK), human
embryo kidney (HEK-293) and human retinal cells have received regulatory approval for
recombinant protein production. Several advances in expression strategies used in
mammalian systems have been made, including improvements in vector constructions and
selectable marker systems, as well as in gene targeting and high-throughput screening
(Andersen and Krummen, 2002). Controllable expression using e.g. tetracycline- or
streptogramin-based gene regulation has been demonstrated to be a useful tool for
multicomponent control strategies and especially for the expression of products which
possess cytotoxic properties (Fussenegger et al., 2000). In addition, recent advances in
glycosylation control (Weikert et al., 1999) and reduced lactate accumulation strategies
(Chen et al., 2001) have led to improved process performance and product quality.
However, the main drawbacks with mammalian production systems are still the relatively
expensive media used in culturing, and overall high production costs. Mammalian cells are
used for commercial production of e.g. blood coagulation factors, erythropoietin and
follitropin (Schmidt, 2004). In addition to mammalian cells, insect cells such as
Trichoplusia have been efficiently used for production of human collagenase IV. Due to
their higher stress resistance and easier handling, insect systems might even be more
desirable options for high-throughput protein expression than mammalian cells (Schmidt,
2004).

Chemical synthesis

During the 25-year period 1981-2006, a total of 30% of the new chemical entities
approved as drugs were synthetic and 23% were made by semisynthesis (Newman and



18 Plant cell cultures for production of medicinal compounds

Cragg, 2007). Plant-based medicinal compounds can be produced by chemical synthesis if
the stereochemistry or chirality of the compound in question does not limit the use of the
method. However, medicinal plant compounds are often structurally complex, which makes
their chemical synthesis difficult or very expensive. In addition, in many cases synthesis
would require the use of harsh solvents, which may ultimately lead to low product yields.
Further, problems often encountered in the synthetic substitution of natural compounds are
the lack of specificity and efficacy compared to natural compounds. Many natural
compounds have important roles as lead molecules which serve as a backbone for synthetic
derivatives, such as production of irinotecan (an anticancer compound) from camptothecin.
Galanthamine, a drug used in the treatment of Alzheimer’s disease, is an alkaloid that was
initially isolated from the snowdrop (Galanthus woronowii Losinsk.) in the early 1950s,
and it has since also been found from other plants in the Amaryllidaceae family (Howes et
al., 2003). However, due to the limited availability of plants producing this compound,
galanthamine is now produced by total synthesis.

Protein-based drugs are used to diagnose, prevent and treat diseases. The traditional
way of manufacturing these proteins was extraction from animal and plant sources. Today,
after the recombinant technology revolution, safe and cost-efficient large-scale
biotechnological production processes have replaced the old systems. Intense research is
continuing to create synthetic proteins with improved functions and stabilities. The long
term goal is to develop new tailor-made protein therapeutics that could be administered
orally. For this purpose proteins composed of B-amino acids are considered to be one
possibility (Petersson and Schepartz, 2008).

Production in plant cell cultures

Use of plant cell cultures offers an attractive alternative for the production of plant-based
pharmaceuticals. Compared to field-grown plants, cell cultures can be cultivated in a
controlled and contained environment. Production in cell cultures also offers possibilities
for production optimization, independently of climatic or environmental effects (Fig. 2.3).
Problems often associated with extracts from whole plants include lack of reproducibility
in the bioactivities and variation in the biochemical profiles depending on the cultivation
time and location. In addition, valuable compounds in aerial parts of the plants are often
present in very low amounts and their detection can be even more difficult due to the
presence of pigments and polyphenols, which in many cases may interfere in the drug
screens (Poulev et al., 2003).

In many cases the production levels of secondary metabolites in undifferentiated cell
cultures are very low and often secondary metabolism is strongly linked to cellular
differentiation. Moreover, the stability of the production rates in undifferentiated cell
cultures is poor. This is partly related to the somaclonal variation and selection of cells
during long subculturing. As an example, production of the terpenoid indole alkaloids
vincristine and vinblastine has not hitherto been successful in undifferentiated cells and it is
recognized that final dimerization of vindoline and catharantine requires cellular
differentiation (Samanani and Facchini, 2006).
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Fig. 2.3. Production of medicinal compounds by plant cell cultures and whole plants.

Hairy root cultures, generated as a result of Agrobacterium rhizogenes infection, have
proved to be good alternatives as production hosts, producing the same compounds and
even in higher quantities than the mother plants (Sevon and Oksman-Caldentey, 2002). In
addition, hairy roots gain biomass rather quickly and have simple cultivation medium
requirements, being able to grow without phytohormones. They commonly display higher
genetic stability and more stable metabolite production than that of undifferentiated cell
cultures. Hundreds of plant species have been transformed with 4. rhizogenes for induction
of hairy roots. The majority of cases has involved the use of alkaloid-producing species
(Oksman-Caldentey, 2007).

Medicinal compounds produced by plant cell cultures in commercial or semi-
commercial scale are presented in Table 2.1. In addition, even though not commercially
produced, examples of cell culture systems in which higher production has been reported
than in intact plants include diosgenin by Dioscorea (Sahai and Knuth, 1985) and
ubiquinone-10 by Nicotiana tabacum (Fontanel and Tabata, 1987).

Compared to microorganisms, plant cells are larger in size and have a rigid cell wall,
which makes them more sensitive to shear stress during bioreactor cultivation and mixing.
Another major challenge in exploitation of plant cell cultures as production hosts for
secondary metabolites is the high variability often encountered in production rates. Cells
often tend to form aggregates composed of several individual cells. The individual cells
within aggregates are exposed to differential microenvironmental conditions, which
increases the risks for labile production (Roberts, 2007).

In addition, the slow multiplication rate of plant cells limits the rate of product
accumulation. Methods to increase the yield of plant secondary metabolites and
recombinant proteins obtained by cell culture systems include screening and selection of
high-producing cell lines, precursor feeding, optimization of the nutrient medium and
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cultivation parameters, elicitation and immobilization (Rao and Ravishankar, 2002). As an
example, a two-phase cultivation system, in which cells are first cultivated in the medium
optimal or preferable for cell growth, and then changed into production medium, can be
exploited. This strategy has successfully been exploited in the production of shikonin
(Tabata and Fujita, 1985), anthocyanins (Hirasuna et al., 1991), indole alkaloids (Asada
and Shuler, 1989) and paclitaxel (Tabata, 2004).

Optimization of Production in Plant Cell Cultures

Although plant cell cultures have been extensively studied for their possibilities to produce
medicinal high-value compounds, so far very few applications have reached the stage of
commercial production. The problem most frequently encountered is the low production
rate and yield, and many efforts have been made to increase production levels in plant cell
cultures (Table 2.2). These include optimization of the cultivation medium, especially
levels of sugar, nitrate and phosphate, as well as other culturing parameters such as light,
temperature, hormones and aeration (see e.g. Fujita and Tabata, 1987; Rao and
Ravishankar, 2002). Immobilization of producing cells has been achieved by using calcium
alginate beads, stainless steel and foam particles (Hall ef al., 1988). Such platforms are still
rather expensive and require product accumulation in the culture medium, which is often
challenging in plant cell culture systems, since in most cases the products formed in plant
cells are stored inside the cells. Nevertheless, the main advantage in immobilized systems is
that the producing cells can be separated from product allowing continuous or semi-
continuous production. Transient permeabilization of cells has been achieved using e.g.
organic solvents or polysaccharides such as chitosan to enhance the release of intracellular
product. In addition, metabolic engineering can be exploited for active transportation of
products outside the cells, by engineering the specific transporter proteins functioning in
secondary metabolism (Yazaki, 2006).

Secondary metabolite production in plants is often highly inducible, and this can be
exploited by eliciting the cultures with elicitor compounds, such as jasmonates and their
derivatives, salicylic acid, chitosan, heavy metals or with biotic elicitors, such as bacterial
or fungal extracts. Jasmonates, octadecanoid-derived signalling molecules, are capable of
inducing the biosynthesis of a wide range of secondary compounds, such as alkaloids,
terpenoids, flavonoids and anthraquinones (Gundlach et al., 1992). In addition to the
production enhancement, elicitor induction has been extensively used for modern
functional genomics-based strategies to generate differential transcriptional expression of
genes involved in the biochemical pathway of the product (Yamazaki and Saito, 2002;
Goossens et al., 2003; Achnine ef al., 2005; Rischer et al., 2006; Saito et al., 2007). These
studies have led to many advances in mapping of plant secondary metabolite pathways,
including biosynthesis of anthocyanins, terpenoids and alkaloids.

Increased product formation has also been achieved by feeding cultures with putative
product precursors or intermediates. As an example, phenylalanine addition caused
increased production of rosmarinic acid in cell cultures of Salvia officinalis and Coleus
blumei (Ellis and Towers, 1970; Ibrahim, 1987), and of paclitaxel in Taxus cuspidata
cultures (Fett-Neto ef al., 1994).
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However, feeding putative precursors, e.g. amino acids or even more proximate
precursors to cultures does not always result in elevated levels of the end products
(Lockwood and Essa, 1984; Hamill et al., 1990). This may be due to the complex
metabolite regulation and feedback systems in plant cells, or sometimes to the high toxicity
of the administered precursor (Robins et al., 1987; Chintapakorn and Hamill, 2003).

Table 2.1. Commercially or semi-commercially cell culture-produced plant medicinal
compounds (adapted from Eibl and Eibl, 2002, 2008; Basaran and Rodriguez-Cerezo,

2008).
Secondary Compound Species Manufacturer Reference
compounds Catharanthine Catharanthus Mitsui Misawa,
roseus Chemicals 1994
(Japan)
Echinacea Echinacea Diversa Ritterhaus et
polysaccharides purpurea, (Germany) al., 1990
Echinacea
angustifolia
Geraniol Geranium sp. Mitsui Misawa,
Petrochemicals 1994
Ind. (Japan)
Paclitaxel Taxus ESCAgenetics Smith, 1995;
brevifolia, (USA), Tabata, 2004
Taxus Phyton
chinensis Biotech(USA/
Germany),
Nippon Oil
(Japan)
Podophyllotoxin Podophyllum Nippon Oil Misawa,
sp. (Japan) 1994
Protoberberines Coptis Mitsui Sato and
Japonica Petrochemical Yamada,
Ind. (Japan) 1984
Rosmarinic acid Coleus blumei | Nattermann Ulbrich et al.,
(Germany) 1985
Scopolamine Duboisia sp. Sumitomo Misawa,
Chemical 1994
(Japan)
Shikonin Lithospermum | Mitsui Fujita and
erythrorhizon Petrochemicals Tabata,
Ind. (Japan) 1987; Payne
et al., 1991
Recombinant | Glucocerebrosidase | Daucus carota | Protalix Shaaltiel et
proteins Biotherapeutics | al., 2007
(Israel)
ADDC'-mediated Physcomitrella | Greenovation Nechansky
antibodies patens (Germany) et al., 2007;
Schuster et
al., 2007

" Antibody-dependent direct cytotoxicity
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The other method exploiting the cell’s own metabolic capacity to convert available
substrates into more valuable end-products is called biotransformation (Hamada et al.,
1998; Giri et al., 2001). Plant cells have an excellent capacity to catalyze stercospecific
reactions, resulting in optically pure compounds. In addition, they can carry out
regiospecific modifications that are not easily achieved by chemical synthesis or by e.g.
microorganisms. As an example, B-methyldigitoxin has been converted into much more
valuable cardiac glycoside B-methyldigoxin by Digitalis lanata cell cultures (Alfermann et
al., 1980), and coniferyl alcohol into podophyllotoxin by Podophyllum hexandrum cell
cultures (Van Uden ef al., 1995).

Table 2.2. Strategies to enhance the production of pharmaceuticals in plant cell cultures.

Secondary metabolites Recombinant proteins

Selection of high-producing cell lines Codon optimization of foreign gene
sequences

Growth medium and environment Protein fusions to improve stability

optimization

Immobilization of cells Protein targeting

Use of elicitors Use of inducible promoters

Precursor feeding Growth medium and environment
optimization

Permeabilization of cells Use of protein antidegradation agents

Metabolite adsorption Use of protein synthesis stimulants

Metabolic engineering Use of secretion inhibitors (brefeldin A)

Recombinant proteins have been produced by plant cell cultures with levels up to 4% of
total soluble protein, although the productivities can vary greatly (Hellwig et al., 2004).
Whether the product is produced inside the cells or secreted to the culture medium is an
important factor affecting the downstream processing. In some cases, downstream
processing can cause the majority of the overall process expenses. However, unlike in the
case of secondary compounds, for which product secretion in the culture medium is
generally a considerable benefit, secretion may seriously alter the stability of the produced
recombinant protein due to protein degradation in the culture medium (Tsoi and Doran,
2002). Hence, sometimes protein targeting into the endoplastic reticulum may result in
higher levels than in the case of secretion to the medium (Schouten et al., 1996; Streatfield,
2007). On the other hand, recovery of the product from plant cell suspensions is commonly
considered to be easier than from microbial suspensions, due to less interfering proteins in
the supernatant. Certain stabilizing agents including dimethylsulfoxide and polyethylene
glycol or secretion inhibitors such as brefeldin A added to the culture medium may
improve the product recovery (see Hellwig et al., 2004 and references therein).

Plant Metabolic Engineering

The major challenge in efficient production of plant secondary metabolites is the discovery
of the biosynthetic steps leading to the final product formation. Hitherto, only a few
pathways have been well characterized, including flavonoid and terpenoid indole alkaloid
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(e.g. vincristine) as well as isoquinoline alkaloid (e.g. berberine, morphine) pathways
(Grothe et al., 2001; Winkel-Shirley, 2001; Samanani and Facchini, 2002; Hashimoto and
Yamada, 2003). These achievements have been reached as a result of very long and
laborious research work. Although metabolic engineering has been very extensively
applied in microbes, the properties of higher eukaryotic cells such as plant cells set unique
challenges, which have complicated the discovery of plant metabolic pathways. In plants,
the metabolic pathways are often long and coordinately regulated by several enzymes.
Furthermore, the enzymes often have high specifities for their substrates, which can be
difficult to obtain, and they have low abundance in plant cells and are sometimes very
labile for use in research purposes. In order to successfully perform metabolic engineering
in plant cells, the regulation of multiple steps in parallel or engineering of the regulatory
genes, such as transcription factors, controlling the complete metabolic pathways is needed.

Metabolic profiling has become an integral part of plant functional genomics (Fiehn et
al., 2000; Oksman-Caldentey and Saito, 2005). However, until recently, almost all plant
metabolomics studies have been applied to primary metabolites. Compared to primary
compounds, profiling of secondary compounds is far more challenging, due to their highly
divergent chemical structures and sensitivities in extraction conditions. The huge variety of
different chemical structures, possessing a range of physical and chemical properties, sets
great challenges for analytical tools when profiling multiple metabolites in parallel
(Oksman-Caldentey et al., 2004). Currently, no single analytical technique provides the
ability to profile the complete metabolome and this obstacle has been addressed by using
selective extraction and combination of analytical platforms. The key for understanding
pathway regulation is to define intermediates and to measure flux through the pathway. By
fluxomics approaches integrated with transcriptomic data, a novel means for mapping
pathways at the systems level from gene to metabolite can be created.

In the case of medicinal plants, the first breakthrough example of metabolic engineering
was achieved by Yun et al. (1992). They cloned the gene H6H (hyoscyamine-6f3-
hydroxylase) from Hyoscyamus niger and transferred it into Afropa belladonna, a well-
known hyoscyamine-producing species. As a result, the majority of the hyoscyamine was
converted into scopolamine. Later, this finding resulted in the engineering of this final step
in the tropane alkaloid pathway in various other Solanaceae species (Jouhikainen et al.,
1999; Zhang et al., 2004; Oksman-Caldentey, 2007). Recent development of functional
genomics tools as well as the sequencing of the full genome of model plants such as
Arabidopsis and Medigaco, and crops such as rice, maize, soybean and many others in the
near future, can ameliorate the pathway elucidation by a systems biology approach.
However, for many medicinal plants, there is only very limited or no existing data of ESTs
or entire genome sequences. For these purposes, differential display methods, such as
cDNA-AFLP (Yamazaki and Saito, 2002; Goossens et al., 2003; Rischer ef al., 2006) have
proved to be excellent tools. The advantages for genome-wide expression analysis methods
such as cDNA-AFLP include the possibility for quantitative transcript profiling and,
moreover, it is applicable to any organism without the need for prior gene sequence
information. It also allows the discovery of completely novel genes, which is very
important when discovering unknown steps in the biosynthesis. Recent advances in high-
throughput genome sequencing methods, such as pyrosequencing (Ronaghi et al., 1998;
Vera et al., 2008), will allow novel means for gene discovery, giving close to one million
400 bp sequences per run with the possibility to analyse multiple samples in parallel.



24 Plant cell cultures for production of medicinal compounds

Case: Functional genomics to discover alkaloid biosynthesis in two Solanaceae species

In our studies, we aimed to improve understanding of the regulation of alkaloid
biosynthesis in two Solanaceae species, Nicotiana tabacum and Hyoscyamus muticus, by
establishing a functional genomics-based technology. We applied cDNA-AFLP transcript
profiling in combination with targeted metabolite analysis in order to map the biosynthetic
genes involved in the tobacco alkaloid pathway. In these studies, Nicotiana tabacum BY -2
cell suspension culture was used and the alkaloid production was elicited in these cultures
with methyl jasmonate (Goossens ef al., 2003). Altogether 459 unique genes were found to
be differentially regulated by methyl jasmonate, and homology searches performed with
these genes revealed that 58% of the genes displayed similarity with already known genes,
whereas no homology was found for 26% of the genes. Alkaloid accumulation took place
12 h after methyl jasmonate application with varying kinetics, and in addition to common
tobacco alkaloids such as nicotine, anabasine and anatabine, anatalline was also shown to
accumulate in tobacco cell culture after elicitation (Hakkinen ez al., 2004). Interestingly,
nicotine was only a minor alkaloid accumulating in these cultures, whereas anatabine and
anatalline formed the main alkaloid pool. However, the limiting step in nicotine
biosynthesis was not observed to be very early in the pathway, since N-methylputrescine
was produced in high amounts. This result suggested that the limiting step in nicotine
biosynthesis occurred after N-methylputrescine. These results were supported by the recent
findings of Shoji and Hashimoto (2008), who showed that BY-2 cell cultures, contrary to
the case in tobacco hairy roots, exhibit very low activity for MPO (N-methylputrescine
oxidase), the next step in the pathway resposible for N-methylputrescine conversion.
Functional testing of the selected genes found from tobacco BY-2 was performed by
overexpressing these genes both in tobacco and in the related species Hyoscyamus muticus.
Two novel genes were found to activate tobacco alkaloid metabolism either in
undifferentiated cultures or in differentiated hairy root cultures (Hikkinen et al., 2007).
Interestingly, one of the genes also caused a marked increment in tropane alkaloid
derivative production in H. muticus hairy roots. This result suggests that this gene might
have a broader function in alkaloid metabolism in Solanaceae. On the other hand, when the
tropane alkaloid gene H6H was overexpressed in Nicotiana tabacum hairy roots, 45% of
the hyoscyamine supplied to the culture was converted into scopolamine (Hakkinen et al.,
2005). Most interestingly, up to 85% of the produced scopolamine was secreted out of the
cells. This is noteworthy, since tropane alkaloids are commonly retained in the root tissue
in hairy roots of endogenous tropane alkaloid producers (Hashimoto er al., 1993;
Jouhikainen et al., 1999). The transport mechanism of scopolamine in Hyoscyamus and
Nicotiana is not known, although it is likely that different transporter proteins are involved
in the two species because scopolamine is an endogenous product in the former but a
foreign metabolite in the latter. However, recently the set of tobacco BY-2 genes, which we
discovered earlier by the cDNA-AFLP analysis, revealed the presence of a MATE-type
transporter involved in alkaloid transport and it was co-regulated by methyl jasmonate in a
similar manner as other tobacco alkaloid biosynthetic genes (Morita et al., 2009). Earlier, it
has been shown that the alkaloid berberine is transported by an MDR-type transporter in
Coptis japonica (Shitan et al., 2003), for which berberine is an endogenous metabolite,
whereas in Arabidopsis another type of transporter MATE is involved (Li ef al., 2002).
Thus, due to its ability to take up and convert exogenously applied hyoscyamine, Nicotiana
could be of interest when designing a candidate production host for tropane alkaloids or
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possibly for other secondary compounds which are currently still being extracted from
whole plants for commercial production.

Case: Production of recombinant collagen and gelatin-related proteins with
predetermined composition and structure

Collagen and its denaturated form gelatin are used extensively in various applications in the
pharmaceutical industry. Annually over 50 thousand metric tonnes of gelatin are processed
to capsules and tablets, plasma expanders, stabilizers for biologics, and to structural
components for tissue engineering purposes. Traditionally gelatin is extracted from animal
tissues resulting in inhomogeneous products consisting of molecules having different
molecular weights and gelling properties. Particularly in the case of medical applications it
is important to have collagen-related products that are homogeneous and have a defined
composition; thus there is a need to apply recombinant technology for their manufacturing.

The production of recombinant collagen and collagen fragments with designed and
predetermined characteristics has been demonstrated in mammalian cells, insect cell
cultures, yeast, milk of transgenic animals and in tobacco plants (e.g. Geddis and Prockop,
1993; Vuorela ef al., 1997; Nokelainen et al., 1998; John ef al., 1999; Ruggiero et al., 2000;
Olsen ef al., 2003). In our studies, we aimed to produce a recombinant full-length collagen
type I ol (rClal) and a related 45-kDa rClal fragment in barley (Ritala et al., 2008;
Eskelin et al., 2009). We selected barley to be the production host because barley is an
important crop plant with well established agronomic, harvesting, transport, storage and
processing practices. Barley has been adapted to a wider variety of climates than any other
cereal, from sub-Arctic to sub-tropical areas. Barley is a self-pollinating plant and our
earlier study has verified that gene flow through pollen dispersal is extremely low (Ritala ez
al., 2002). In addition, barley stores large amounts of protein in its seed endosperm and
desiccated mature seeds can be stored for several years without substantial protein
degradation or loss of activity.

Our first study (Ritala ef al., 2008) was designed to demonstrate the feasibility of barley
cell culture as a rapid and efficient means of prototype characterization. Both transient and
stable expression modes were applied to predict whether barley is a suitable host for
production of recombinant collagen and gelatin. The rClal accumulation was targeted to
the endoplasmic reticulum (ER) by fusing the Clal gene to an ER-directing signal peptide
sequence and an ER retention signal HDEL. The gene delivery was carried out by particle
bombardment into immature barley half embryos or barley cell suspension. Preliminary
evaluation of the suitability of barley as a production host for rClal was obtained by using
a transient expression system. Less than 1 week was required to determine expression,
avoiding the time-consuming and labour-intensive production of stably transformed
suspension cell lines and genetically modified plants. After the preliminary transient
testing, stable transgenic barley cell lines were produced and grown as suspension cultures
in flasks and in a Wave bioreactor. The best producing cell line synthesized rClal similar
to that purified from the yeast Pichia pastoris based on Western blotting, pepsin resistance
and mass spectroscopy analyses. However, the barley cell culture-derived Clal
intracellular accumulation levels were low, ranging from 2 to 9 pg/l. The other published
barley cell culture production system reached a level of 0.5 mg/I secreted heat-stable endo-
B-glucanse (Aspegren et al., 1995). It is difficult to compare productivities of different
systems since e.g. the nature of the product itself, factors regulating the gene expression,
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integration sites and copy numbers all determine the overall outcome. Nevertheless, the
obtained production levels illustrated the need for further process improvement in order to
use this technology to supply material for product development activities.

The promising results obtained using barley cell culture as a production host for rClal
motivated us to carry on to produce a related 45-kDa rClal fragment in barley seeds (Eskelin
et al., 2009). The 45-kDa rClal fragment expression, also targeted to the ER, was
controlled by three different promoters (a constitutive maize ubiquitin, seed endosperm-
specific rice glutelin and germination-specific barley alpha-amylase fusion) in order to
compare their effects on 45-kDa rClal fragment accumulation. Highest accumulation of
the 45-kDa rClal was obtained with the glutelin promoter (140 mg/kg seed), whereas the
lowest accumulation was obtained with the alpha-amylase promoter (2 mg/kg seed). The
study of Qu and Takaiwa (2004) showed that the glutelin promoter GluB1 also used in our
experiments was among the weakest. Thus it is possible to increase the expression level by
selecting a stronger promoter carrying high transcriptional activity. Mass spectroscopy and
amino acid composition analysis of the purified 45-kDa rClal fragment revealed that a
small percentage of prolines were hydroxylated, with no additional detectable post-
translational modifications. In conclusion, we successfully expressed recombinant collagen
and gelatin in barley. With the obtained accumulation levels we calculated that by
dedicating 10% of the land area under barley cultivation in Finland we could fulfill the
estimated global annual need of specialized collagens.

Discussion

From the point of view of the pharma-industry, plants are and will remain an important
source of new drugs, and also have a significant role as a source of lead compounds for the
design and development of novel pharmaceuticals for research and development (Wang,
2008). The plant kingdom possesses a remarkable collection of efficient and highly active
medicinal compounds, the majority of them yet uncharacterized. More than 200,000
secondary metabolite structures have hitherto been discovered from plants (Pichersky and
Gang, 2000). The majority of plant-derived compounds currently undergoing clinical trials
are directed to the oncological area, including new analogs of known anticancer drugs
based on the camptothecin-, taxane-, podophyllotoxin-, or vinblastine-type skeletons
(Butler, 2005; 2008; Arora et al., 2008; Arora, 2010). It remains to be seen whether the
current global economic crisis will slow down the breakthrough of biopharmaceuticals, but
it has been forecast that their total value will be $70 billion in 2010 (Walsh, 2006).
However, biopharmaceuticals account for 32% of all new medical entities. Approximately
165 biopharmaceuticals have been approved and about half of them belong to the five
major target categories of cancer, diabetes, growth disturbances, haemophilia and hepatitis.
Erythropoietin has paved the way as one of the flagships of biopharmaceuticals, with sales
exceeding $10 billion in 2005 (Walsh, 2006). The drug discovery process has made great
advances as a result of modern automated high-throughput technology and data handling,
which allows thousands of plant extracts to be screened in a few days. Plant cell cultures
have been shown to be good alternatives for production of high-value compounds, which
are produced in whole plants often in very minute amounts. Paclitaxel (Taxol®), an
important anticancer drug, is a good example of the importance of plant-based compounds,
as well as of their complexity and the necessity of finding alternative sources for their
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production. Theoretically, in order to produce 2.5 kg of taxol, 27,000 t of Taxus brevifolia
bark is required and altogether 12,000 trees must be cut down (Rates, 2001). Paclitaxel is
currently produced by plant cell cultures (Tabata, 2004).

Major advantages in plant cell-based production platforms include low production
costs, easy scale-up and particularly the general safety attributed to these methods. Due to
these factors, plant cell-based systems might one day outweigh other production systems,
especially those using animal cells as hosts (Ma et al., 2003). Furthermore, plant cells are
capable of carrying out many desirable post-translational modifications for recombinant
protein production, which cannot be obtained by e.g. microbial hosts to the same extent.
However, the limitations faced by plant cell cultivation technology still include the
generally low product yields and variable production rates. The production of plant-derived
compounds sometimes requires the use of two-phase cultivation, since the biosynthesis of
secondary metabolites is often linked to growth stage. Advances in bioreactor technology
have led to a wide variety of different types of reactors suitable for plant cell and tissue
cultures (Eibl and Eibl, 2008), and nowadays the cultivation of fragile and demanding plant
cells, traditionally considered rather challenging, can no longer be considered to be the
major limiting factor in the development of production processes. However, difficulties
with downstream processing and the presence of non-authentic glycan residues in
recombinant human proteins have caused complications in regulatory and approval issues
concerning production of plant-based biopharmaceuticals (Miele, 1997). Coping with these
factors is essential for the overall production process, since for example downstream
processing may account for even 80% of all production costs (Hellwig ef al., 2004). In the
case of downstream processing, plant cell cultures offer a good choice for easier and
economically more viable production, since the formation of by-products, such as waxes
and phenolics, is typically lower in cell cultures than in differentiated cultures or whole
plants. In plant cell culture-based platforms, an essential prerequisite for a viable system is
the banking of the production cell line (Hellwig et al., 2004). In the case of plant cell
cultures this means that cryopreservation standard operation protocols must be drawn up
and a storage system with back-ups must be established. The cryopreservation operates in
two basic modes, either by slow-freezing or via rapid cooling of the cell line by
vitrification or encapsulation-dehydration. Both modes require empirical studies,
optimization and the use of cryoprotectants. However, rapid cooling can be considered
favourable, if successful, due the simplicity of the process. Furthermore, this system does
not require expensive or highly specialized equipment (e.g. Winkelmann et al., 2004;
Grout, 2007). As decisions concerning the manufacturing process are taken at an early
stage, considerable emphasis must be placed on development of the storage of the
production lines in question. This is a stage that cannot be neglected and should be
included in calculations when making profitability estimations and overall calculations of
product costs.

The regulatory process concerning plant-made pharmaceuticals (PMPs) still requires
development. The main problem is that the existing guidelines of the Food and Drug
Administration (FDA, 2002) and the European Agency for the Evaluation of Medicinal
Products (CPMP, 2002) are focused on production in whole plants, making the regulatory
issues concerning plant cell cultures rather obscure. Contained production using plant cell
cultures will fall under different regulations than those for field-grown products. Thus it is
expected that the regulation can be less stringent (Spok et al., 2008). From the regulatory
point of view, the whole production chain must comply both with the guidelines
concerning GM crops and with the requirements set for the production of pharmaceuticals
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(Sparrow et al., 2007; Spok et al., 2008). Currently, the roles of regulatory authorities are
overlapping both in the USA and in the EU. Of the applicant point of view, a clarified
guidance would be beneficial to support the application process and speed up the launching
of plant-derived pharmaceuticals.

With regard to general public approval, in March 2006 the EU comission published a
eurobarometer tracking European opinions in biotechnology. On the basis of this query
biotechnology related both to medicine and to industrial use, e.g. bioplastics and
bioproduction of pharmaceuticals, are widely supported in EU countries. On the other
hand, opinions towards biotechnology related to agriculture are still sceptical, with 58% of
the respondents having a negative attitude towards agricultural exploitation of
biotechnology. Directed to the public, and especially to patients worldwide, in 2005 the
International Alliance of Patients Organizations (IAPO) launched a Briefing Paper on the
topic of plant-made pharmaceuticals, providing accurate and independent information
based on evidence-based research. It is clear that when developing modern
biotechnological applications, especially those exploiting genetic engineering, it is of great
importance to consider the ethical issues relating to them. Particularly in the case of the
agricultural and food sector, environment and healthcare, biotechnological applications are
connected to new processes and ethical questions, which should be discussed in open
forums. In addition, it should be considered that prevailing values are dependent on the
cultural background and may vary considerably between countries.

The hopefully soon-to-be success stories of insulin and glucocerebrosidase will clear
the way for other plant-made biopharmaceuticals. Safflower-produced insulin was shown
to be bioequivalent to already marketed recombinant human insulin (Eli-Lilly’s Humulin)
in Phase III clinical trials in the UK in 2009 (www.sembiosys.com). The demand for
insulin is expected to grow exponentially in coming years as incidences of diabetes are
expected to reach 380 million cases in 2025. In addition, the development of new nasal and
inhaled administrations requiring high doses and frequent dosing will further increase the
consumption of insulin (Nykiforuk ez al., 2006). Fortunately, it is estimated that the
safflower-based production system is so efficient that two middle-sized Canadian farms
could provide sufficient insulin for global markets (Moloney, 2007). The new
glucocerebrosidase (GCD) production system expected to be approved in the near future
utilizes carrot cells as manufacturing host (Shaaltiel et al., 2007). Recently, in clinical
Phase I studies six healthy volunteers were treated with plant cell-produced recombinant
GCD (prGCD) by intravenous infusion. The prGCD was well tolerated, non-immunogenic
and even showed a prolonged half-life when compared to a commercial enzyme
manufactured in mammalian cells. Phase III clinical trials are currently in progress
(Aviezer et al., 2009). These examples are very welcome, especially as they will cause the
regulatory approval process to take shape. These products will pave the way for plant- and
plant cell culture-manufactured biopharmaceuticals. The global demand for new drugs is
constantly increasing as the world’s population continues to grow. This global burden
makes sustainable and renewable drug production processes even more valuable, even
essential. Although not yet fully exploited, plant cell culture-based production offers a huge
potential to overcome diseases and to contribute to human well-being.
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Chapter 3

Biotechnological Characterization of Different
Populations of an Endangered Medicinal Herb
— Podophyllum hexandrum Royle.

Hemant Lata and Suman Chandra

Introduction

In the past few decades, due to the sharp decline in the number of plant species, as a result
of their ruthless exploitation, many species of medicinal interest are facing the danger of
extinction in their natural habitat. Our recent surveys of the Garhwal Himalayan region
indicate that the frequency of medicinally important plant Podophyllum hexandrum Royle
is decreasing considerably in its natural habitat.

P. hexandrum is a herbaceous and perennial species belonging to the family
Podophyllaceae (previously Berberidaceae). It is distributed in the interior ranges of the
Himalayas at an altitude ranging from 2000-4000m. The mature rhizome of an individual
plant bears the aerial reproductive shoot (mostly two leaved) and one to five vegetative
shoots. The individual flowering shoot bears a solitary flower attached to the upper leaf
petiole. The fruit is a scarlet coloured berry. Roots and rhizomes of P. hexandrum produce
compounds such as podophyllic acid, podophyllin, podophyllotoxin and quercetin. Use of
Indian Podophyllum was used by ancient Hindu physicians for treating a variety of
ailments. The inhabitants of Punjab used the rhizome as a bile expellant (Chatterjee, 1952;
Arora et al., 2008). Roots and rhizomes of the plant yield a drug known as podophyllin,
which is a resinous alcoholic (water insoluble) extract of the rhizome.

Podophyllin consists of podophyllotoxin, podophyllic acid, podophylloresin and
quercetin. Podophyllin was included in the first US pharmacopoeia, dating from 1820, as a
catharatic and chalogogue (Chatterjee, 1952). In the same year however, it was reported
that venereal warts (Condyloma acuminatum) could be selectively destroyed by the topical
application of podophyllin resin. Nowadays, this resin is still the drug of choice in the
treatment of this disease (Ayres and Loike, 1990). Podophyllin is cholagogue, alternative,
emetic, bitter tonic and a drastic purgative. Purgative property of the drug is due to
podophylloresin.

The interest in Podophyllum was developed when Kaplan in 1942 demonstrated the
curative effect of podophyllin in tumour growth, followed by the finding of King and
Sullivan (1946) that the anti-proliferative effect of podophyllin was similar to that of
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colchicine at the cellular level. However, it has been shown to be twice as effective as
colchicine in arresting cell division (MacRae and Towers, 1984). Later it was found that
the antitumorous activity of podophyllin was due to the active principle, podophyllotoxin,
which is the major constituent of podophyllin (Hartwell and Schrechker, 1958).
Podophyllotoxin belongs to the class of natural substances called lignans.

Lignans are defined as dimerization products of two phenylpropane units which are
linked by the B-carbon atoms of their side chains (MacRae and Towers, 1984; Pelter, 1986;
Dewick, 1989). Lignans are widely distributed in the plant kingdom and fifty-five families
of vascular plants were included as lignin producers (MacRae and Towers, 1984).
Podophyllotoxin, however, is restricted to only a few plant species. Podophyllotoxin occurs
mainly in the families Berberidaceae and Cupressaceae. The highest podophyllotoxin
contents are found in the needles of Callitris drummondii. However, the podophyllotoxin
yields of P. hexandrum vary strongly with the location of cultivation and season of
collection. It is maximal when the plant has reached the flowering stage (Chatterjee, 1952).
From Kumaun Himalayas, Nadeem ez al. (2007) have reported a positive correlation
between podophyllotoxin content and increase in altitude, whereas Pandey et al. (2007)
have reported an increase in podophyllotoxin contents with increasing plant age.

Of all the lignans, podophyllotoxin is very important and valuable because it is used for
the preparation of semisynthetic anticancer drugs such as Proresid oral®, Proresid
intravenous”, teniposide and etoposide. Etoposide (VP-16-213) and teniposide (VM-26)
are well known anti-tumour agents. Their action is based on the inhibition of topoisomerase
IT (Beers et al., 1988; Holthuis, 1988) and they are used for the treatment of small lung cell
cancer, testicular cancer neuroblastoma and hepatoma (Holthuis, 1988). In addition, more
than 550 derivatives of podophyllotoxin were prepared and clinically tested. The
constituents of Podophyllum plants, chemistry (Hartwell and Shrechker, 1958) and
biosynthesis of lignans (Dewick, 1989) and their biological effects (MacRae and Towers,
1984), modification of podophyllotoxin to use as anticancer drugs (Stahelin and Von
Wartburg, 1989) have been extensively reviewed. Biological effects of podophyllotoxin
include antiviral activity, cytotoxicity, hepatoxic protection, cathartic effects and
allergenicity, hypotensive effects, influence on nucleic acids and enzymes, inhibition of
respiratory enzymes, insecticidal and piscicidal activity, germination inhibition,
antimicrobial and fungistatic activity (MacRae and Towers, 1984; Pelter, 1986). In the
recent reports, Arora et al. (2005), Chawla ef al. (2006) and Kumar et al. (2009) have
reported radioprotective and antioxidant properties of P. hexandrum extract.

Owing to ruthless collection from the wild and the absence of organized cultivation
practices the population of P. hexandrum has dwindled to such a critical level that a ban on
its collection has been recommended (Sundaresh, 1982; Gupta and Sethi, 1983).

Considering its endangered status, very small population size and continuous
exploitation, this species is of special interest and importance to conservation biologists. It
is also important to study its population biology and genetic diversity so that conservation
strategies can be successfully developed. This chapter summarizes the work undertaken to
study the distribution pattern, population diversity based on morphological, physiological
and biochemical characteristics from Garhwal Himalaya, and apply the in vitro methods of
propagation and conservation strategies for this important species.
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Distribution and Population Size

Field surveys were conducted in different alpine and subalpine ranges of the Garhwal
Himalaya to study the distribution, frequency, density, natural regeneration and population
diversity of P. hexandrum. Based on the occurrence and frequency of this species, the
subalpine and high altitude areas in Kedarnath, Tungnath, Chopta, Ghangaria and The
Valley of Flowers (Chamoli district) and Dayara range (Uttarkashi district) were identified
as target areas for detailed studies. Some surveys were also conducted in Rudranath area
(Chamoli District).

The areas mentioned above were surveyed at monthly intervals to monitor the
frequency, density and natural regeneration of P. hexandrum. In the subalpine forests, P.
hexandrum was found as an under-canopy plant, whereas in high altitudes it was found
near boulders and sometimes in open meadows. Compared with several other endangered
or threatened species from this region, e.g. Nardostachys jatamansi, Picrorhiza kurrooa
and Aconitum atrox the natural population of P. hexandrum were distributed in very
restricted and small pockets.

This species was found distributed in the subalpine forests, timberline zone and high
altitude areas from 2600—4000 m altitude. Among the surveyed areas, highest (16.4
plants/m®) and lowest (1.8 individuals/m?) density was recorded in Kedarnath and Chopta
areas respectively (Table 3.1). Our regular field observations over the past few years
indicate that the population size of this species is continuously decreasing in nature and
several populations observed during 1980-1985 have nearly completely disappeared. In
Kedarnath range, although the population size of P. hexandrum was small (only 200
individual plants), the density was highest. This was due to the fact that plants were found
in a restricted pocket. The populations of Chopta and Tungnath were also small in size.
Although the population size in Dayara and Ghangaria ranges was found to be much larger
(700 and 400 individual plants, respectively) as compared to other sites, the individuals
were widespread in a larger area and thus, the density of plants was lower as compared to
the Kedarnath and Tungnath areas (Table 3.1).

Population Diversity

Podophyllum hexandrum was found to have a fairly high level of population diversity in
plant height, size, shape, lobing and number of leaves, size and colour of seeds,
germination pattern and isoenzyme polymorphism. Our regular observations of these areas
revealed that the plants growing in different locations in Garhwal Himalaya show
considerable morphological variations in plant height, leaf characteristics, fruit weight,
seed weight and colour and other traits (Bhadula et al., 1996a; Purohit ef al., 1998).
Therefore, the plants of each locality were considered to represent a different population.
Within a single population, however, morphological variations in plant height as well as in
the number, shape, size, lobing and pigmentation of leaves were observed. Thus, because
of intra-population variations, the germplasm of individual morphological variants of each
population was collected and analysed separately. Plants of a population were classified
into different groups based on the shape, size, lobing and number of leaves (three, two or
one leaf in fruiting stage) and on the basis of seed colour. Thus, six morphological variants
in the Kedarnath population, five each in the Chopta and Ghangaria populations, four each
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in The Valley of Flowers and Dayara and two in the population from Tungnath were
identified (Table 3.1). Within each population, individual plants differing in leaf
characteristics as well as in seed colour ranging from black, brown to pink were observed
(Bhadula et al., 1996a).

Isozyme and Polypeptide Patterns

In an attempt the find the markers for different populations of seeds of P. hexandrum,
various isozymes, AAT, ADH, MDH, ACP, and peroxidases were analysed. It was found
that these isozymes did not appear to be good markers of species and of populations in dry
seeds. In fact, many of the isozyme systems did not seem to be expressed in dry seeds.
However, esterases gave excellent patterns of isozymes and it was possible to distinguish
species as well as populations of the same species on the basis of the number of isozymes
as well as the relative intensity of individual bands. For different populations of P.
hexandrum, the inter- and intra-population morphological variations and the existence of
population polymorphism was further supported by the pattern of esterase isoenzymes
(Bhadula et al., 1996Db).

The SDS-PAGE (Sodium dodecyl sulphate polyacrylamide gel electrophoresis) patterns
of polypeptides extracted from seeds were also analysed in the above mentioned
populations of Podophyllum using 10% SDS-gels. The qualitative as well as quantitative
differences were observed in polypeptides in various populations indicating that there are
genetic differences among different seed types of a given population (Bhadula et al.,
1996a).

Podophylloresin Content

An analysis of the active ingredients in different populations and the intra-population
varaince is a necessary requirement so that the better clones can be selected from natural
populations and multiplied on a large scale. The application of biotechnological tools is
helpful for further improvement of desirable characters using suitable germplasm.

For different populations of P. hexandrum, resin content was analysed from dried
rhizomes. The material was extracted with ethanol in a Soxhlet apparatus. The ethanolic
extract was distilled in vacuo to remove the solvent and weighed for total extract. The
residue thus obtained was dissolved in least amount of ethanol and precipitated by
acidulated water, 2% HCI. The resin so obtained was weighed for total resin content.
Percentage podophylloresin content in different populations of P. hexandrum is shown in
Table 3.2. Podophylloresin content was found to be maximum in roots obtained from
Kedarnath (10.63%) population, whereas it was found minimal in the population from
Ghagaria (3.91 %).

In vitro Conservation of P. hexandrum
The use of biotechnological tools such as tissue culture techniques in the conservation of

endangered species is becoming increasingly important, mainly due to the fact that in many
cases, in situ conservation is not effective due to partial or complete loss of natural habitats.



Table 3.1. Distribution pattern of various populations of Podophyllum hexandrum in Garhwal Himalaya.

Locality/ No. of Altitude® Frequency® Density® Dominant associated

population® | variants® and (%) vegetation
climatic
zone
Kedarnath 6 3700 80 16.4 (200) Danthonia sp., Polygonum alpinum, Cynanthus sp.
(Kd) Alpine
Tungnath 2 3300 80 4.6 (70) Trillium govanianum, Anemone sp., Rhododendron
(Tn) Alpine campanulatum
Valley of 4 3000 60 8.0 (40) Abies spectabilis, Prunus cornuta, Doronicum sp.,
Flowers Timberline Viburnum foetens, Inula grandiflora
(V)
Chopta 5 2800 100 1.8 (60) Taxus baccata, Acer caesium, Abies pindrow, Quercus
(Ch) Subalpine semicarpifolia, Rhododendron barbatum
Ghangaria 5 3000 100 2.8 (400) T. baccata, A. caesium, A. pindrow, Polygonum,
(Gh) Subalpine Rhododendron arboreum, Rumex nepalensis, Q.
semicarpifolia

Dayara 4 2300 60 3.8 (700) Taxus baccata, A. caesium, A. pindrow, Rhododendron
(Dr) Subalpine arboreum, Q. semicarpifolia, Fragaria, R. nepalensis

40 Conservation of Podophyllum hexandrum

ana population is given an abbreviated name (in parenthesis) after the locality. I°Number of variants indicates the number of

morphologically different types of individuals within one population, e.g. with three, two or one leaf at flowering stage and differing in seed
weight color. € Metres above sea level. d Frequency is defined as the number of quadrates of occurrence/total number of quadrates x 100.

e Density is defined as total number of individuals/m?2. Figures in parentheses (bold) indicate population size (total number of plants in one
population).
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Table 3.2. Percent podophylloresin content (on dry weight basis) in different populations
of P. hexandrum.

Populations Weight of Weight of the Extract Weight of | Resin (%)
the sample | ethanol extract (%) resin (g)
(9) (9)

C1 2.59 0.90 34.75 0.16 6.18
Cc3 4.39 1.67 38.04 0.39 8.88
D1 18.70 3.85 20.59 1.15 6.15
G1 4.05 0.98 24.19 0.20 4.94
G2 2.90 0.70 27.24 0.12 4.14
G3 5.62 1.50 26.69 0.22 3.91

G5 5.29 1.56 29.49 0.24 4.53
K1 2.37 0.83 26.58 0.13 5.48
K2 6.49 2.52 38.83 0.69 10.63
K3 4.72 1.70 36.01 0.50 10.59
K4 2.88 0.86 29.86 0.15 5.21

K6 2.76 0.93 33.69 0.16 5.79
K5 3.02 1.09 36.09 0.17 5.63
V2 1.32 0.25 18.94 0.07 5.30

C-Chopta, D-Dayara, G-Ghagaria, K-Kedarnath and V-Valley of flowers.

For species with small populations or those suffering from genetic and population
bottlenecks, tissue culture techniques can be used to preserve the germplasm.

As reported earlier, the populations of this species are polymorphic with inter- and
intra- population variation in vegetative and reproductive characteristics (Bhadula ez al.,
1996b). Thus it was not known if all the populations would respond to culture medium in a
similar way, or if their requirements for nutrients or growth regulators would be different.
Thus, it was considered reasonable that if some elite populations with desired
characteristics (e.g. high toxin content) can be identified and used for further multiplication
and cultivation, the commercial demand can be fulfilled from the cultivated material. This
would reduce the over-exploitation of the natural populations and the chances of their
survival in the natural habitat would increase. Although reports exist on the in vitro
propagation of P. hexandrum for multiple shoot multiplication (Arumugam and Bhojwani,
1990; Nadeem et al., 2000; Sultan et al., 2006), the present study undertaken is the first
report for the biotechnological characterization of different populations from Garhwal
Himalayas.

Thus the objectives of this study was two fold: (i) to find out if various polymorphic
populations of P. hexandrum can be induced to form viable cultures; and (ii) to develop
suitable conditions for the multiplication of selected natural populations with desirable
characteristics (e.g. high podophyllotoxin content).

Germplasm of various populations and intra-population variants within a population
was collected from various localities in Garhwal Himalaya, i.e. the subalpine and high
altitude areas in Kedarnath, Tungnath, Chopta, Ghangaria and The Valley of Flowers
(Chamoli district) and Dayara range (Uttarkashi district). Propagules were planted in
earthern pots under nethouse conditions at Srinagar (550 m) and Tungnath (3600 m).
Following the surface sterilization with 0.1% solution of mercuric chloride and 0.5%
solution of Tween— 20 for 3—4 min and washed thrice in sterile distilled water under aseptic
conditions, 80—100% of the explants yielded aseptic cultures. In the preliminary screening



42 Conservation of Podophyllum hexandrum

for suitable explants to initiate morphogenetic cultures, pieces of root, rthizome and leaf;
shoot buds, whole seeds, endosperm and excised embryos were cultured on MS (Murashige
and Skoog, 1962) and MS supplemented with various concentrations of 2, 4-
dichlorophenoxyacetic acid (2,4-D), napthalene acetic acid (NAA), indole acetic acid
(IAA), and benzyl amino purine (BAP) and thidiazuron (TDZ), individually and in several
combinations. Of all the explants cultured, leaf and embryos responded best.

The leaf explants and the zygotic embryos of all the populations gave viable cultures.
Since the alpine populations of Kedarnath gave the highest podophylloresin content (Table
3.2), greater efforts were made to propagate this population. In addition to high resin
content, the population of Kedarnath also responded much better than other populations in
culture medium, followed by the populations of Ghangaria. The plant material that
originated from the populations growing in The Valley of Flowers and Dayara range
showed poor response. Therefore, the results obtained using the explants that originated
from the populations of Kedarnath are presented.

Callus Induction from Leaf Sections

For all the populations viable callus cultures using leaf explants can be produced on MS
medium containing 0.5 puM each of NAA and TDZ (Table 3.3). The callus cultures showed
vigorous growth on the same medium after subculturing. Also these cultures could be
induced to form globular structures and produced multiple shoots. Thidiazuron is a
synthetic phenylurea and considered to be one of the most active cytokinins for shoot
induction in plant tissue culture (Huetteman and Preece, 1993). Reports suggest that TDZ
induces shoot regeneration better than other cytokinins (Thomas, 2003; Thomas and
Puthur, 2004; Husain et al. 2007). Malik and Saxena (1992) demonstrated the importance
of TDZ in stimulating shoot regeneration in seed cultures of dry bean, a recalcitrant
legume. Magioli et al., (1998) have reported the superiority of a lower concentration of
TDZ on Solanum melongena using a similar explant. As this species is endangered and
fruit and seed setting is poor, leaf explants are easily available and thus, starting with 2-4
mm explants, excellent callus cultures can be obtained for all the populations. Such callus
cultures can be used in future for the production of podophyllotoxin ir vitro.

Table 3.3. Effect of NAA and TDZ on callus induction from leaf cultures of P. hexandrum.

Medium Growth Regulators (uM)

NAA TDZ Callus Expansion of leaf

formation

MS 0.0 0.0 NR NR
MS 0.5 0.5 +++ NR
MS 1.0 0.5 ++ ++
MS 2.5 0.5 + ++
MS 5.0 0.5 + +
MS 0.5 1.0 ++ +++
MS 0.5 2.5 + +++
MS 0.5 5.0 NR ++++

NR- no response, + Low, + + medium, + + + high and + + + + highest
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Zygotic Embryo Culture

In this study, zygotic embryos were also cultured on MS supplemented with various growth
regulators, individually or in various combinations. On MS medium containing various
concentrations of NAA and BAP, the zygotic embryos showed swelling of the
cotyledonary tubes and callus initiation. Excellent callus cultures were produced in the
presence of IAA and NAA. In the presence of BAP (2 uM) callus cultures developed
vigorously followed by production of multiple shoots. These shoots, however, could not be
rooted.

When cultured under dark conditions on MS medium supplemented with 2,4-D, the
zygotic embryos of P. hexandrum showed massive callus growth and development of shiny
globular embryos. Although it was possible to multiply these calli and embryos using
subculture, the embryos did not mature in the same or any other medium. It has been
reported that somatic embryogenesis can occur under a variety of light-dark regimes
(Ammirato, 1983). For example, whereas in Nicotiana tabacum, somatic embryogenesis
required high light (Haccius and Lakshmanan 1965), in carrot and Carum (Ammirato,
1974) the maturation of embryos was better in total darkness. A significant role of 2, 4-D in
the initiation and development of somatic embryos has been reported in Panax ginseng
(Lee et al., 1990). It has also been reported that although 2,4-D is required to induce
embryogenesis in many plants the differentiation does not proceed beyond globular stage.
Further differentiation only occurs when 2,4-D is reduced or omitted (Bapat and Rao,
1988). Arumugam and Bhojwani (1990) reported a similar effect of 2,4-D on callus
development and formation of globular embryos in P. hexandrum. However, they found
that when transferred to NAA containing medium, dicotyledenous embryos developed. A
different response of zygotic embryos of P. hexandrum in this study may be due to the fact
that there are inter- as well as intra-population variations in morphophysiological and
biochemical characteristics of the seeds of this species. Therefore, such differences may be
due to the variations in physiological stage of the seeds or due to genetic diversity among
and within the populations.

A combination of IAA and BAP in MS medium proved to be the best condition for the
in vitro plant regenartion of P. hexandrum (Fig. 3.1). The zygotic embryos cultured on MS
medium supplemented with 0.5 uM IAA and 2.0 uM BAP showed the development of
multiple shoots and roots. The frequency of rooting was increased in the presence of higher
TIAA and lower BAP concentrations. Plants raised using this method were acclimated and
hardened in pots (Fig. 3.2) and later transferred to the natural growth environment in a field
nursery, located at 2000 m altitude in Garhwal Himalaya for its further cultivation.

Conclusions

Based on the variations observed at the inter- and intra-population level, P. hexandrum is
certainly considered a complex species. The results indicate that the natural populations of
P. hexandrum in Garhwal Himalaya are polymorphic. The differences observed in the
response of various populations in the culture medium also reflect the population
polymorphism of this endangered species. However, as evident from this study, the existing
population size of P. hexandrum is small and if its exploitation continues at the present
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rate, it may eventually face the threats of genetic drift, population bottlenecks and

inbreeding depression. Therefore, among these populations, screening and selection of
podophyllotoxin

Fig. 3.1. Effect of various concentrations of IAA and BAP on zygotic embryo cultures of P.
hexandrum. A and B: two and six week old cultures, respectively (MS + 0.5 yM IAA + 2.0 yM
BAP); C and D: three and four week old cultures, respectively (MS + 1.0 uM IAA + 0.5 yM
BAP); E and F: four and three weeks old cultures, respectively (MS + 1.0 uM 1AA + 2.0 uM
BAP). R = roots.
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rich elite clones and their mass propagation using micropropagation protocols can be a
helpful tool for the conservation of this species. Once such clones are selected from
naturally growing populations and multiplied using micropropagation, a cultivation
package can be developed so that the farmers in the upper Himalayan mountain ranges can
start cultivating it as a cash crop which will reduce the pressure of extraction on this
species from its natural habitats.
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Introduction

Podophyllum hexandrum Royle (English: common name Indian Podophyllum and
Himalayan Mayapple) is a small herbaceous monotypic genus of the family Berberidaceae
with a diploid chromosome number 2n=12; predominantly occurring in the North
Temperate Zone and discontinuously distributed in eastern North America, insular East
Asia and Hindu Kush-Himalayas (Good, 1974; Xiang ef al., 2000; Arora et al., 2008).

The roots and rhizomes of Podophyllum yield a drug known as podophyllin.
Podophyllin consists of podophyllotoxin, podophyllic acid, podophylloresin and quercitin.
It is a cholagogue, alterative, emetic, and a strong purgative (Singh et al., 1999). The
podophyllotoxins are lignans, which have anti-cancer, anti-mitotic, and immunostimulatory
activities (Kaplan, 1942; Loike et al., 1978; Pugh et al., 2001) and whose semi-synthetic
derivatives etoposide (VP-16-213), teniposide (VM-26) and etopophos are approved drugs
for the treatment of testicular and small cell lung cancer (Stahelin and Warburg, 1991).

Ever increasing demand for this drug in modern medicine, coupled with its existing use
in traditional systems has resulted in ruthless uprooting of the underground parts leading to
intense collection coupled with lack of organized cultivation. Presently, the rate of its
overexploitation far exceeds its natural regeneration potential. Consequently P. hexandrum
has been declared an endangered species (Airi ef al., 1997).

In the present study, survey, standardization of propagation techniques, seed biology
study, DNA polymorphism of plants using RAPD and quantification of podophyllotoxin
using HPLC was done in the samples procured from five geographically distinct
populations in the state of Himachal Pradesh (HP) India.

©CAB International 2010. Medicinal Plant Biotechnology 48
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Survey and distribution

A survey was made for collection of proximal P. hexandrum populations of HP from five
locations, namely Great Himalayan National Park (GHNP) district Kullu, Koksar and
Kukum-Seri of the District of Lahul and Spiti, Pangi and Chamba regions of district
Chamba. GPS (Magnell Inc., USA) data were obtained for altitude, latitude, longitude and
population size (Table 4.1) from these five populations.

Table 4.1. P. hexandrum population size, location and geographic coordinates.

Geographical .Iocatlon '_I'otlallno. of | Altitude Longitude Latitude
of populations individuals (msl)

Chamba 600 2200 32°02'.786N 76°01'.052E
Pangi 150 3600 33°05'.950N 76°26'.046E
Koksar 250 3200 32°24'.868N 77°14'.080E
Kukum-Seri 800 2800 32°42'.335N 76°40'.557E
Great Himalayan 40 2400 31°45'.389N 77°22'.510E
National Park (GHNP)

Collection of plant materials

Full-grown rhizomes collected in the months of May and September from five different
populations of Himachal Pradesh were used for podophyllotoxin estimation and vegetative
propagation respectively. Mature and immature pods were also collected from five
different regions.

Characterization
Chemical characterization
Variation in total percentage of resin content and podophyllotoxin was recorded between

the five accessions (Table 4.2). No correlation was found between the amount of resin and
podophyllotoxin content of the rhizomes.

Table 4.2. Total resin and podophyllotoxin content of five different populations.
Region (Himachal Pradesh) Extract (%) Resin (%) | Podophyllotoxin (%)
Chamba 253 4.29 1.29
Pangi 39.4 11.8 1.10
Koksar 28 9.4 1.96
Kukumseri 23.4 10.2 5.22
GHNP 25.7 8.57 0.70

Cytological characterization

Cytological studies on five populations revealed no variation in chromosome number and
structure among the populations. The representative karyotype is shown in Fig. 4.1. Across
the five populations it was observed that the Kukum-Seri population exhibited the breakage
of chromosome (Fig. 4.2) and Pangi showed doubling of chromosome followed by
cytomixes (Fig. 4.3 a—d).
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Fig. 4.1. Karyotype of P. hexandrum (100X); Fig. 4.2. Kukum-Seri population showing
breakage of chromosome (100X).

Fig. 4.3. a—d. Pangi population showing cytomixis and chromosome doubling (100X).

Genetic diversity characterization by using randomly amplified polymorphic DNA
(RAPD)

Eighty random 10-mer primers were screened for the five populations (9-10
plants/population). Only 11 primers, which gave three or more polymorphic bands, were
finally selected for producing consistent, scorable and reproducible results and therefore
taken for further analysis. Shannon’s index of phenotypic diversity was used to partition
the diversity into intra- and inter-population components (Table 4.3). The genetic diversity
present within populations, H,,/H,, compared with that between populations, Hg,-
Hpop/Hpop, revealed an average diversity of 62% within populations. However, the
distribution of diversity did vary between and within populations with different primers.
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Table 4.3. Partitioning of genetic diversity into within and between populations for 11
primers.

Primer Hsp Hoop Hpop/Hsp Hsp-Hpop/Hpop
OPA-05 2.87 1.61 0.56 0.43
OPA-07 1.83 1.22 0.66 0.33
OPA-08 3.14 1.64 0.52 0.47
OPA-14 1.87 1.05 0.56 0.43
OPA-15 1.26 0.87 0.69 0.31
OPA-16 2.6 1.8 0.69 0.31
OPA-18 2.35 1.51 0.64 0.35
OPE-02 2.29 1.45 0.63 0.36
OPG-11 1.94 1.33 0.68 0.31
OPM-04 2.32 1.43 0.61 0.38
OPM-15 1.72 1.07 0.62 0.37
Average 219 1.36 0.62 0.36

Phenotypic frequencies detected with 11 primers were calculated and these data were
used in estimating the diversity (H,) within the five populations of P. hexandrum. The
Kukum-Seri population exhibited lowest intra-population variability as compared to
Chamba population, which exhibited highest variability followed by GHNP, Koksar and
Pangi populations (Table 4.4).

The principal co-ordinate analysis displayed the relationship of the individuals within
the populations. Within each population, most individuals clustered in a single group (Fig.
4.4).

Exceptionally, the GHNP population did not show clear population structure. The
narrow genetic base of Kukum-Seri and Pangi populations were displayed in a PC plot
where they form a narrow distinct group. Though individuals of Chamba population form a
distinct group even then they are distributed throughout the axis due to a broad genetic
base. Some of the individuals of Koksar population were mingled with other populations.
But the individuals of GHNP populations were distributed randomly throughout the axis
suggesting a broad genectic base as well as relationship with other populations. The
evaluation of genetic variability distribution within and among populations was measured
by AMOVA (analysis of molecular variance). AMOVA values obtained by RAPD data
show that 74% of total variation is attributed to the individuals within a population while
26% is due to differences among populations (Table 4.5).

Based on the RAPD data the genetic distances were calculated among populations. The
GHNP and Chamba populations showed more genetic similarity with all other populations.
The maximum genetic similarity was observed between Pangi and Kukumseri populations,
followed by GHNP and Chamba. Though overall genetic distances among populations
were below 21%, they form a distinct entity except few individuals. This result can also be
attributed with allele similarity in the adjacent population. The Nm value displays the gene
flow existing between the populations. The maximum Nm value (Table 4.6) was found
between GHNP and Chamba (1.510) followed by Koksar with Chamba (0.913) and Koksar
with GHNP (0.903). Based on binary RAPD data, the Nei genetic distances were calculated
between the populations. These values were used to construct a dendrogram by the
UPGMA method to display the relationship between the populations. There were two
distinct clusters formed in the dendrogram (Fig. 4.5); one of them with GHNP, Kukumseri
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and Pangi populations and another with Koksar and Chamba. Though GHNP is associated
with the former population it is distantly placed in that cluster.

Table 4.4. Estimates of genetic diversity (H,) within five populations of P. hexandrum.

Primer GHNP Koksar Kukum-Seri | Pangi Chamba
OPA-05 1.29 1.71 1.69 1.84 1.51
OPA-07 1.04 0.83 1.08 1.49 1.64
OPA-08 1.86 2.01 1.72 0.32 23
OPA-14 0.92 1.13 0.32 1.94 0.93
OPA-15 0.98 0.52 0.85 0.85 1.18
OPA-16 1.65 1.86 1.16 2.16 2.16
OPA-18 2.01 1.71 0.94 1.08 1.83
OPE-02 1.56 1.5 1.35 1.74 1.08
OPG-11 1.52 1.86 0.78 1.08 1.41
OPM-04 2.01 1.25 1.46 0.93 1.49
OPM-15 1.28 0.99 0.32 0.93 1.83
Average 1.46 1.39 1.06 1.30 1.57
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Fig. 4.4. Principal co-ordinate analysis of P. hexandrum based on 11 random primers.

Table 4.5. AMOVA in 48 individuals among five populations of P. hexandrum.
Source of d.f. SS MS Est. % of P
variation Variance variation
Among
population 4 145.767 36.442 2.930 26% 0.001
Within population

43 358.233 8.331 8.331 74% 0.001

d.f. — degree of freedom, MS — mean squared deviation, SS. sum of squares, P—
significance of the variance components after 999 random permutations
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Fig. 4.5. Cluster analysis of P. hexandrum based on 11 random primers.

Table 4.6. Estimates of genetic distances (Nei) and gene flow (Nm) between the populations
of P. hexandrum in Western Himalayas.

Population Population Genetic Gene
Distance (Nei) Flow (Nm)
GHNP Koksar 0.125 0.903
GHNP Kukum-Seri 0.101 0.827
Koksar Kukum-Seri 0.122 0.598
GHNP Pangi 0.109 0.849
Koksar Pangi 0.207 0.376
Kukum-Seri Pangi 0.081 0.794
GHNP Chamba 0.105 1.510
Koksar Chamba 0.141 0.913
Kukum-Seri Chamba 0.166 0.547
Pangi Chamba 0.167 0.602
Propagation

Sexual method

Seed propagation through direct seed germination and excised embryo culture was
attempted in the present study for attaining quick and high germination of P. hexandrum
seeds.

Seed biology
The present study on seed biology of P. hexandrum indicates the existence of differential

seed dormancy based on responses to various treatments and ontogenic variability in the
five populations of HP.
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Seed viability

Viability of seeds decreased with time when stored at 4°C for extended time periods (1-6
months). However, loss of viability was evident only by the excised embryo culture as the
TTC test gave positive results even after 6months of storage. However, when the pods were
stored at 4°C for up to 6 months, no loss of viability was recorded through the culture of
excised embryos (Table 4.7).

Table 4.7. Embryo viability under different seed storage conditions.

Storage | Excised embryo | Excised embryo culture of TTC test of excised
period culture of stored | seeds stored with pods at 4°c embryos of stored seeds
(months) | seeds
Percentage germination

0 100 100 100

1 100 100 100

2 93.3+5.7 100 100

3 63.31£5.7 100 100

4 40+0 100 100

5 26.6+11.5 100 93.31+5.7

6 0 100 90+0

Individual datum is the mean and s.d. of three replicates

Studies on water relations

When freshly collected seeds of P. hexandrum were subjected to water uptake study, it was
revealed that seed absorbed very negligible amount (ca. 12%) of water even after 48h of
inhibition.

Studies on seed dormancy

Different dormancy breaking treatments were employed in order to break the innate seed
dormancy of P. hexandrum (Kharkwal et al., 2002). Seeds treated with hot water at 60°C
for 60 sec showed significant improvement in breaking the dormancy of otherwise dormant
seeds of Chamba population for 2 consecutive years.

Comparative study on seed dormancy across five populations

Only three out of five populations responded to the standardized dormancy breaking
treatments (Table 4.8). On an average the seeds from Chamba population showed
maximum response, followed by Koksar and GHNP. Seeds collected from Kukum-Seri
germinated (60-80%) after 10 months of treatment and seed germination was irrespective
of treatment as the control seeds also germinated. The seeds from Pangi evoked very low
germination.

Ontogeny

When the pattern of seed germination was studied, it was observed that while in the
Kukum-Seri population seed germination was hypogeal (Fig. 4.6a) along with direct
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emergence of a true leaf (Fig. 4.6b), in the rest of the populations the germination was
epigeal followed by emergence of the hypocotyl (Fig. 4.7) with two cotyledons forming a
sheathing leaf base enclosing the plumular axis. In very few seeds of Chamba population’s
polyembryony was also observed as two hypocotyls bearing four cotyledonary leaves
emerged from a single seed (Fig. 4.8).

Table 4.8. Relative germination response of different populations of P. hexandrum seeds to
dormancy breaking treatments.

Treatment Chamba | Koksar | GHNP | Pangi | Kukum-Seri*
Percentage germination

Control 2010 16.6+5.7 | 20£10 16.6+11.5 83.315.7

Hot water 96.6+£5.7 | 76.6x5.7 | 83.3£11.5 100 76.61£5.7

Nitrate 93.3+5.7 | 73.3x5.7 | 63.3£5.7 3.315.7 66.6£15.2

GA; 900 73.3t5.7 | 63.3+5.7 6.615.7 86.6+£15.2

Acid 86.6+5.7 | 73.3x5.7 | 63.3x5.7 10+5.7 8010

* Data recorded after 10 months of seed sowing.
Individual datum is the mean and s.d. of three replicates

Emergence of functional leaves

Application of GA; (30, 45 and 60 ppm) as well as manual removal of both the cotyledons
helped in reducing the time taken for leaf emergence considerably (Table 4.9).

Table 4.9. Effect of GA; on true leaf emergence in P. hexandrum.

Days 15 |3o 45 60 |75 |90 |1o5 |120
Treatment Percentage emergence

Control 0 0 0 22.2+9.6 | 22.249.6 | 22.249.6 | 27.7+9.6 | 27.7+9.6
GA; 15ppm 0 0 5.5+9.6 5.5+9.6 | 5.549.6 | 5.5+9.6 | 5.5+9.6 5.5+9.6
GA; 30ppm 5.549.6 16.6 16.6 22.2+49.6 | 22.249.6 | 33.349.6 [38.8+25.4| 55.5+9.6
GA; 45ppm 0 5.5+9.6 11.119.6 16.6 16.6 38.8+9.6 50 61.1+£19.2
GA; 60ppm 0 0 0 0 0 16.6 33.3 50
GA; 15ppm* 0 0 0 0 0 22.2+9.6 33.3 55.5+9.6
GA; 30ppm* 0 22.2+9.6 16.6+ 33.3+28.8 |38.8425.4(83.3+16.6 | 88.849.6 | 88.8+9.6
GA3;45ppm*  [11.1+£19.6| 22.2425.4 | 33.3+16.6 | 38.849.6 (49.9+28.8|66.6+16.6 |77.7+25.4( 88.8+9.6
GA; 60ppm* | 11.149.6 | 33.3+16.6 | 33.3+16.6 [ 33.3+16.6 |49.9+28.8| 83.3 94.4+9.6 100
One 0 0 5.5+9.6 5.5+9.6 | 5.5+9.6 | 38.849.6 | 38.819.6 | 38.8+9.6
cotyledon cut

Both 16.6425.4| 61+34.6 | 72.24+34.6 | 72.2+34.6 |72.2434.6 [ 77.7425.5)|83.3+16.6 | 83.3+16.6
cotyledons

cut

Individual datum is the mean and s.d. of three replicates; *15 day interval
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Fig. 4.6a-b. Hypogeal germination (a) and direct emergence of true leaf (b).
Fig. 4.7. Epigeal germination in P. hexandrum seeds.

Fig. 4.8. Polyembryony in P. hexandrum seeds
Embryo culture
Effect of different media on the germination of embryos excised

While the immature embryos did not germinate at all, the partially mature and fully mature
embryos germinated to the extent of 100% on the optimal medium within a week of their
culture (Fig. 4.9; Table 4.10). The highest germination of both alpine and temperate zone
embryos was recorded on B-5 as well as half strength B-5 media, and there were no
significant differences in the percentage germination over the year.



Indian Podophyllum: Traditional and Modern Conservation Strategies 57

Fig. 4.9. Excised embryo culture and mass propagation of Podophyllum hexandrum. (a)
Excised embryos; (b) plantlets from germinated excised embryos; (c) plantlet raised from
germinated embryos with two cotyledonary leaves; (d) embling with early emergence of true
leaf from the base of the hypocotyls; (e) 1-year-old plants growing in a polytunnel.
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Emergence of functional leaves

Prior to the setting of hypocotyl dormancy, i.e. 90 days after field transfer, percentage true
leaf emergence in the temperate and alpine emblings was 38% and 54%, respectively (Fig.
4.10). In general, seeds collected above the tree line showed a higher response to true leaf
emergence compared to those collected from the temperate zones.
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Fig. 4.10. True leaf emergence pattern of emblings from alpine and temperate zones.
Hardening of emblings derived from embryos germinated on different media

The effect of different media on the survival percentage of the emblings was observed
when they were transferred to pots in the greenhouse (Table 4.10).

Table 4.10. Effect of media composition on germination, embling development, field survival
and third leaf emergence in seed embryos from the alpine and temperate zones.

Media | Strength | Percentage Percent embling Percent field survival
germination after 1 development after 4 after 12 weeks
week weeks
ALP TEMP ALP TEM ALP TEM
B-5 | FS 100 100 100 100 83.315.7 100
FS+G 100 100 100 100 100 100
HS 100 100 100 83.31£5.7 76.615.7 83.345.7
HS+G 100 100 100 100 80+10 86.615.7
WPM | FS 3.345.7 26.615.7 0 0 70+10 0
FS+G 86.6+11.5 | 86.615.7 100 100 16.615.7 66.615.7
HS 26.615.7 26.61£5.7 | 96.615.7 0 76.615.7 0
HS+G 100 100 96.615.7 70+ 0 86.615.7 0
MS FS 60 3.33t5.7 | 66.615.7 0 86.615.7 0
FS+G 93.3+11.5 | 3.3+11.5 | 83.345.7 | 83.3+5.7 26.61£5.7 53.31£5.7
HS 100 6.6£25.1 | 26.615.7 0 16.6615.7 0
HS+G 100 96.615.7 | 83.3+5.7 | 83.31+5.7 | 93.3345.7 0

ALP: alpine; TEMP: temperate; FS = full strength; HS = Half strength; G = GA; 2.5 uM;
individual datum is the mean and s.d. of three replicates
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Establishment of emblings in the natural reserve

While 90.3% plantlets with true leaves grew vigorously after 1 year of transfer to the
GHNP, nearly 81% plantlets survived and showed vigorous growth after the second year.

Asexual method

Somatic embryogenesis and rhizome cuttings were attempted as an alternate system for
plant propagation.

Somatic embryogenesis
Explant response

Browning and death of the explants was observed on both basal B-5 and MS medium
without the use of activated charcoal (600 mg/l) and ascorbic acid (10 mg/l). B-5 medium
was more responsive in terms of time taken for callus induction and also proliferation.

Among the different explants selected for callus induction, hypocotyl gave the best
response. Of the different PGRs tested, the maximum amount of proliferating callus (Fig
4.11b—d) was induced after 1 month of inoculation at 25°C only on basal B-5 medium
containing picloram (5 pM) in combination with thidiazuron (TDZ) (1 puM). After
subsequent removal of TDZ, picloram alone was not able to evince a friable callus growth
response. However, when 2,4-D or NAA (2.5 puM each) in combination with BAP (1 uM)
were supplemented to the picloram-containing medium, a fast sustainable growth of a
friable callus was observed. This callus could be sub-cultured every 4 weeks over a
prolonged period of over 18 months.

The liquid suspension culture growth could be obtained from this callus. This culture
required a sub-culture interval of 10 days, having a cell doubling time of 6 days and can be
gainfully employed in studies on production of secondary metabolites in culture.

Induction of somatic embryos

Globular embryos were formed on the yellow friable callus (Fig. 4.11e) after their transfer
to medium containing 2.5 and 5 uM 2,4-D. These primary embryos when sub-cultured on
the same medium gave rise to profuse secondary embryogenesis.

Development of the somatic embryos and their conversion

On transfer to hormone-free basal B-5 medium, the globular somatic embryos developed

into heart, torpedo and cotyledonary stages (Fig. 4.11 f~h). These embryos could be finally
converted into plantlets although their conversion frequency was very low.
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ChR o 'zm (g) (h) B
Fig. 4.11a-h. Callus induction and somatic embryogenesis; a: hypocotyl segments b-d:

callus induction; e: globular embryos; f: heart shaped embryos; g: torpedo shaped embryos;
h: cotyledon shaped embryos.

Propagation through rhizome cuttings

Out of the two types of thizome segments used in the present study only the transversely
cut segments with an apical bud were able to respond to the different treatments and
produce plantlets (Table 4.11). The longitudinally cut rhizome did not respond to any
treatment and turned necrotic.

Bud emergence
The emergence of buds in the segments started 2 weeks after sowing irrespective of the

treatments. All the treatments involving auxins and cytokinins evoked better response in
the number of buds/segment as compared to control (Fig. 4.12a—c).

Fig. 4.12a—c. Mature rhizome (a), cut rhizome segment (b) and bud induction on rhizome
segment (c).
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Table 4.11. Effect of auxin and cytokinin treatment on rhizome cutting of P. hexandrum.

Treatment No of Buds No. of roots/rhizome Root length (cm)
IBA 25ppm 2.4510.07 10.66+0.28 10.43+0.50
IBA 50ppm 2.24+0.21 12.66+0.76 12.2+1.95
IBA 100ppm 2.37+0.21 23.1£4.16 16.63+0.66
IBA 200ppm 2.28+0.38 29.6+1.04 25.53+£3.74
IBA 400ppm 2.37+0.45 31.5+0.70 24.9+2.16
NAA 25ppm 1.74+0.32 13.33+1.40 10.06+1.35
NAA 50ppm 1.8740.37 17.8310.76 13.66+1.26
NAA 100ppm 1.83+0.31 25.16+1.25 19.33+£2.65
NAA 200ppm 2.03+0.38 27.6610.57 25.96+3.23
NAA 400ppm 2.16+0.14 30.5+2.64 28.03+1.50
IAA 25ppm 1.7£0.40 13.04£1.32 11.46£1.18
IAA 50ppm 1.8310.14 16.5+1.32 16.76+£1.10
IAA 100ppm 2.1240.21 20.1612.25 20.7+0.72
IAA 200ppm 2.20+0.18 27.8313.05 28.06+1.69
IAA 400ppm 2.41+0.14 32.5£2.0 32.53£1.05
Kinetin 25ppm 2.37+0.12 11.66+1.04 9.36+1.01
Kinetin 50ppm 2.0£0.0 13.6611.75 10.06+1.95
Kinetin 100ppm 2.08+0.06 13.16+1.28 9.13+0.75
Kinetin 200ppm 2.04+0.06 13.0+2.64 10.26+1.65
BAP 25ppm 2.374£0.12 9.8310.28 9.23+0.85
BAP 50ppm 2.12+0.12 10.0+0.5 10.66+2.15
BAP 100ppm 2.12+0.25 13.16+1.04 11.03+£1.36
BAP 200ppm 2.33+0.06 13.16+0.76 11.06+£1.87
Control 1.16+0.07 12.5+2.78 11.23+£1.25

Individual datum is the mean and s.d. of three replicates
Rooting
The induction of rooting started about 6 weeks after sowing, much later than the bud

emergence, irrespective of the treatment and by 12 weeks all the rhizome segments were
able to root (Fig. 4.13a-b).
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Fig. 4.13a-b. Rooting on cut
rhizome segments of P. hexandrum
(a: control, b: treatment).

Discussion

The present study on five populations from different locations shows a distinct pattern of
variability whereby those populations that have been isolated over a period of time are
relatively stable and have lower intra-population variability. The following discussion
elaborates the outcome of key results on the nature of diversity and the germination
responses following different techniques of excised embryo culture, somatic
embryogenesis and direct seed germination so as to overcome the barriers of seed and
hypocotyl dormancy.

Characterization

Estimated population density from the five different domains of Himachal Pradesh revealed
small sized populations while only Kukum-Seri and Chamba populations exceeded
minimum viable population (MVP) size required for survival and reproductive efficiency
(Endels et al. 2002). A similar decline in plant populations of Garhwal Himalayas has also
been reported by Bhadula et al. (1996). Following RAPD characterization, the five
populations of P. hexandrum revealed high inter- and intra-population diversity (Kharkwal
et al., 2008). Earlier, molecular characterization of two populations from Himachal Pradesh
revealed a high degree of polymorphism ranging between 25-73% (Sharma et al. 2000).
Recently Sultan et al. (2008) have demonstrated high levels of genetic and chemical
diversity in 12 nursery grown accessions from the western Himalayas.

Despite the fact that population size was low in P. hexandrum, the observed genetic
diversity was reasonably high and as such it is not likely that reduction in population size
will result in imminent loss of genetic variation (Widen and Andersson, 1993).

Among the populations, Kukum-Seri and Pangi showed narrow genetic base and they
are distinct from other populations. Long seed dormancy periods of both the populations
and a different ontogeny of Kukumeri support the clustering of populations into distinct
groups.
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Combining principal co-ordinate plot with Shanon index and DNA polymorphism, high
genetic variability was found within Chamba and GHNP populations. Due to increased
gene flow and more allelic similarity between the populations, the molecular variation
among the populations was found to be 26%. The higher molecular variation within
population could be attributed to the broad genetic base and diversity among individuals.

Comparison between geographical location and genetic variability detected by RAPD
suggests a relationship between populations, genetic erosion and environmental conditions.
The Chamba and GHNP populations have undergone high anthropogenic pressure resulting
in the development of a broad genetic base, whereas, Koksar, Kukum-Seri and Pangi
showed low genetic variability being isolated and comparatively undisturbed.

Though individuals of the Chamba population form a distinct group, even then they are
distributed throughout the axis due to broad genetic base. Some of the individuals of the
Koksar population were mingled with other populations. But the individuals of GHNP
populations were distributed randomly throughout the axis suggesting a broad genetic base
as well as relationship with other populations.

The GHNP and Chamba populations showed more genetic similarity with all other
populations. The maximum genetic similarity was observed between Pangi and Kukumseri
populations, followed by GHNP and Chamba populations. Though overall genetic distance
among populations was below 21%, they form a distinct entity except few individuals.

The AMOVA analysis displayed low genetic structure and high genetic variation
among individuals, which can be attributed to the divergence of the individuals suggesting
risk of genetic erosion in the Pangi and Kukum-Seri populations and may lead to genetic
drift also.

The relationship between Pangi and Kukum-Seri populations can be interpreted on their
closeness of geographical locations (Table 4.1). Though the Koksar population was
geographically close to Kukum-Seri since both represent the Lahul valley of Trans-
Himalayan region, they are genetically distinct. However, the Chamba and GHNP
populations representing the Greater Himalayan region have high genetic similarity and
gene flow.

The findings of the work suggest strong gene flow between the populations, due to the
seed dispersal under natural conditions through frugivory and agents like birds, resulting in
long-range dispersal of seeds. Also, tribes of Western Himalayas carry the pods and plants
from one place to another, which can be inferred through their grazing route, thus, resulting
in the migration of germplasm. Such gene flow among populations either through seeds or
ramets has been known to occur in other species also (Pleasants and Wendel, 1989). In
comparison to others, the population from Pangi and Kukum-Seri were rather undisturbed.
The GHNP population was greatly depleted due to anthropogenic pressures; moreover,
there existed gene flow between GHNP and other populations suggesting the diversity of
the population and correlation with the GHNP population.

In an earlier study based on AFLP analysis of seven populations of P. hexandrum from
the Tibetan region of Sichuan Province, China, Xiao ef al. (2006) reported a very low level
of genetic diversity with limited gene flow (Nm=0.43). This low Nm value indicates
genetic drift with distinct genetic differentiation as observed in the present study. The
higher Nm value observed in the present study may be attributed to transfer of ramets and
genets from one place to another.

Cytological characterization revealed similar chromosome types throughout the
populations. But breakage of chromosome was observed only in the Kukum-Seri
population, which may be due to the high concentration of podophyllotoxin present in the
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roots. The finding may be very well correlated with the cytotoxicity of podophyllotoxin
known to induce DNA topoisomerase II-mediated chromosomal breakage (Osheroff,
1989). Interestingly, chromosome doubling as a result of cytomixis was also observed in
the Pangi population. The event can be used to regenerate tetraploid plants with elite
characters.

Analysis of genetic variation within the taxon is crucial for conservation purposes
because of its implication on long term survival and continuous evolution of species
(Young and Clarke, 2000; Kharkwal ef al., 2008). The reduced genetic variability in the
Pangi and Kukum-Seri populations in the Western Himalaya could be the result of genetic
isolation by habitat fragmentation and anthropogenic pressure. Most of these events have
an additive effect with severe implications for survival of the population. The detected
genetic variability among and between populations can be used to propose an appropriate
management strategy.

Seed biology

Mass propagation of P. hexandrum has always been limited by a long juvenile phase (Rust
and Roth, 1981), poor fruit setting, and long dormancy periods of 10 to 24 months, low and
erratic seed germination and poor seedling establishment (Badhwar and Sharma, 1963;
Arumugam and Bhojwani, 1990; Kharkwal ef al., 2004). Early attempts in domestication of
P. hexandrum were by multiplication of rhizomes and seeds (Badhwar and Sharma, 1963).
However, since rhizomes are also a source of podophyllotoxins, considerable loss is
incurred in terms of propagules and harvestable material of economic importance
(Sadowska et al., 1997). Seed germination is not only erratic but is further limited by long
periods of seed coat or mechanical dormancy and endosperm dormancy. Furthermore, it is
difficult to break the dormancy by traditional methods (Badhwar and Sharma, 1963). More
than seed dormancy, hypocotyl dormancy prevents the emergence of the true leaf, thereby
reducing the chances of plant survival in nature (Nautiyal et al., 1987). After germination
hypocotyl dormancy is caused by the fusion of the two cotyledons in a sheathing base
(Purohit and Nautiyal, 1986).

Work done on seed biology of P. hexandrum (Nautiyal et al., 1987; Chaudhary et al.,
1996, 1998; Singh et al., 1999; Nadeem et al., 2000; Kharkwal et al., 2004) indicates the
extended time involved for overcoming seed dormancy.

The present study shows that the P. hexandrum seeds do not require any after-ripening
treatment e.g. chilling. This is in contrast to earlier reports wherein Nautiyal et al. (1987),
Chaudhary et al. (1996, 1998), Singh ef al. (1999) and Nadeem et al. (2000) reported a
need for after-ripening in this plant. From the result of the present study it is evident that
freshly collected seeds germinate when sown immediately after pod harvest and after
appropriate pre-germination treatment (Fig. 4.14). Thus, it can be easily concluded in the
present study that there is no after-ripening period required in P. hexandrum seeds. The
dormancy in Podophyllum seeds appeared to be more of chemico-mechanical type as also
suggested by Arumugam and Bhojwani (1990). The seeds failed to imbibe water above
12%. Failure to imbibe water by seeds with a hard coat has been well documented in a
number of plant species (Rolston, 1978). Badhwar and Sharma (1963) have also reported
the occurrence of seed coat dormancy in P. hexandrum.
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Fig. 4.14. Mass propagation of P. hexandrum through seeds.

Generally the seeds, which exhibit any kind of dormancy, also have prolonged seed
viability (Tran and Cavanagh, 1984). However, from the present study the nature of
Podophyllum seeds appears to be unique. The seeds exhibit some properties of recalcitrant
seeds e.g. high moisture content (> 50%), sensitivity to desiccation and loss of viability on
storage (Pammenter and Berjak, 1999), and concomitantly the seeds have a complex
dormancy system involving both endosperm and seed coat, which is a property of orthodox
seeds (Ellis et al., 1989). As indicated by our studies and also by Pammenter and Berjak
(1999) for recalcitrant seeds, the Podophyllum seeds maintain their viability when stored
along with the pulpy fruit and not as seeds alone. In nature also the seeds germinate under
moist conditions after tiding over the adverse winter. The simultaneous recalcitrance and
dormant nature of Podophyllum appears to be an adaptation to its moist, cold and high
altitude habitat. The classification and nature of Podophyllum seeds into recalcitrant and
orthodox requires further investigation.

Consequent to germination of seedlings, hypocotyl dormancy has been considered to be
a major constraint in plant establishment of P. hexandrum (Purohit and Nautiyal, 1986).
After seed germination P. hexandrum requires one growing season to overcome hypocotyl
dormancy (Purohit and Nautiyal, 1986). However, the present study demonstrates the
successful establishment of P. hexandrum within the same growing season by a periodic
GA; treatment. GA; is known to effect mobilization of storage reserves in cotyledons
(Kaur et al. 1998); therefore, it may have evinced the true leaf emergence by making
available the food reserves to the otherwise dormant plumular axis.

Differential germination in the seeds of the different populations also indicated
differential dormancy. This is not surprising because the differences in seed dormancy
within and between the populations could be due to many factors like genetic, maternal
environment during maturation, age of the mother plant, position of seed on the plant
(Gutterman, 1993), seed mass (Milberg et al. 1996) and size of the mother plant (Philippi,
1993).

Ontogenic studies on seed germination revealed that seeds from the Kukum-Seri
population exhibited hypogeal germination, and those of the other populations showed
epigeal germination. The Kukum-Seri seeds escaped the cotyledonary stage and hypocotyl
dormancy through direct emergence of a true leaf. Polyembryony, which is the production
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of more than one embryo in a seed, was also observed in some of the seeds collected from
Chamba populations at very low frequency, further suggesting a role of maternal factors in
controlling plant development (Fenner, 1991).

Excised embryo culture

An effective protocol for mass propagation of P. hexandrum plants through embryo culture
was also developed (Kharkwal et al. 2004). This technique offers an important solution to
their domestication, which has been a persistent problem through conventional modes of
propagation, i.e. seeds and vegetative propagation (Troup, 1915; Badhwar and Sharma,
1963).

Germination was significantly increased when excised embryos of partially mature and
mature seeds, collected from various zones, were cultured under in vitro conditions.
Therefore, it is evident that the excised embryo cultures have the potential for high and
uniform germination and consequently high plant establishment and survival.

Embryo cultured raised plants were successfully established under field conditions at
GHNP. The main utility of this technique lies in wuniform and quick
germination/development response across all the five populations studied, which showed
differential germination response when propagated through seeds (Table 4.12).

Table 4.12. Comparison between germination time of seeds and excised embryos.
Days to germinate/Development

Accession Seeds Excised embryos
Chamba 60/90 7/30
GHNP 60/90 7/30
Koksar 60/90 7/30
Kukum-Seri 180/300 7/30
Pangi -/- 7/30

Somatic embryogenesis

Plant regeneration through somatic embryogenesis was attempted in a P. hexandrum
accession from the Chamba region to explore the in vifro route to propagation and
conservation.

For the induction of somatic embryogenesis in P. hexandrum, only auxin (2.5 uM 2,4-
D) was found to be suitable. Basal B-5 medium with additives, picloram and TDZ was used
for initiation of callus on hypocotyls followed by their subsequent transfer to TDZ-free
media containing picloram, 2,4-D or NAA and BAP. Although the medium used for callus
production was more complex than the earlier reports, it was more superior in terms of
sustainable callus proliferation and growth as was evident from the liquid culture studies
where a cell doubling time of 6 days was achieved.

Like in most somatic embryogenesis systems (von Arnold et al., 2002) subsequent
development of the embryos occurred only on hormone-free medium. Generally during
somatic embryogenesis a gradual reduction in the level of auxins is required for further
development of the somatic embryos (Ammirato, 1983; von Arnold et al., 2002).
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Vegetative propagation

It is evident from the present study that the transversely cut segments with an apical bud
could root, irrespective of the treatments. However, all the auxins at different concentration
could evoke better response in all the three aspects i.e. early root initiation, higher number
of roots and longer roots. Both auxins and cytokinins were able to induce the emergence of
adventitious buds alike.

Multiplication of plants through rhizome segments can be used as an alternative method
for propagation (Fig. 4.15). This method can help in the shortening of the cultivation cycle
as compared to seeds that take more time for development to a marketable size of the
rhizome as compared to rhizome cuttings (Troup, 1915).

The possible applications of different approaches to propagate P. hexandrum (Table
4.13) suggest their complementary uses so as to fully realize its sustainable use and the
conservation of this important species.

Fig. 4.15. Mass propagation of P. hexandrum through rhizome segments.
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Table 4.13. Possible applications of different approaches to propagate P. hexandrum.

Embryo culture Seed Vegetative Somatic embryogenesis
propagation propagation

It is used when there isa | Seed Once the Somatic embryogenesis
manifestation of strong propagation can | characterized should be used for rapid
innate dormancy as is be used in the base in vitro multiplication to
shown in Kukum-Seri establishment of | population is bulk up elite varieties and
populations which cannot | base nurseries established, as a tool for genetic
be broken within a short to generate vegetative manipulation.
time span. The wide large planting propagation Furthermore, the
applicability of this material for can be used to | approach will be useful
method can help in cultivation and generate for fundamental studies
conservation of valuable sustainable uniform quality | on embryo growth and
genetic diversity. This utilization. planting development and its use
approach will also be material. in artificial seed
critical in conventional production.
breeding programmes.

Conclusions

Due to the obvious threat of exploitation to P. hexandrum under natural conditions, ex situ
nursery establishment and cultivation will go a long way to alleviate the existing pressures
from nature. This will also help in restoration of viable populations under in situ conditions
allowing continued evolution of the species. Furthermore, the policy of grazing in the high-
altitude pastures needs to be reviewed from the point of view of restoration of regeneration
capacity of the ecosystem for the overall conservation of species diversity prevailing in
these zones for a long lasting solution. Application of such conservation strategy to other
medicinally important but threatened plants of high altitudes will go a long way in the
conservation of valued Himalayan biodiversity. There is a need today to complement
traditional conservation strategies with modern ones. The present work on characterization
and propagation of Podophyllum hexandrum is only a small step in the larger context of the
problem. Nevertheless, it is a very important step.
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Chapter 5

Microsatellite Markers: Potential and
Opportunities in Medicinal Plants

Atul Grover, Ankit Jain and P.C. Sharma

Introduction

The global consumption of herbal medicines is increasing in response to the ever
increasing pressures to fight the infectious and other diseases affecting the world
population today (Joshi et al., 2004; Canter et al., 2005). The term ‘medicinal plants’ refers
to a collection of approximately 50,000 plant species from which extracts can be obtained
for cure or treatment of diseases and the majority of them grow as wild (Edwards, 2004).
Some of the medicinal plants like Cannabis are cultivated, but their exploitation for the
intoxicating properties of the plant products has put a restriction on their cultivation by
farmers in most of the countries (Gilmore et al., 2003). Compounds of medicinal value can
be obtained from other plants as well, but the umbrella term ‘medicinal plants’ refers to the
plant species whose primary economic importance relies on their therapeutic compounds.
With the widespread and unplanned exploitation of these plant species, many are now
threatened and their biodiversity is under serious threat (Canter et al., 2005). Limited
attempts for their domestication and subsequent cultivation have not proved very fruitful so
far, primarily due to specific ecological requirements (Canter et al., 2005).

The post genomic era offers vast opportunities for adapting medicinal plants to
domestication and to undertake crop improvement programmes exploiting functional and
comparative genomics approaches. For example, availability of genomic sequences of
species like potato, tomato and tobacco may guide explorations into closely related
medicinal plants within the family Solanaceae. The modern methods of crop improvement
exploit genetic transformations, pathway engineering, genetic engineering and most
importantly molecular breeding. However, to date there are very few reports of application
and development of molecular markers in medicinal plants. Moreover, there have been
almost no efforts towards construction of molecular genetic maps in medicinal plants.
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Molecular Markers in Medicinal Plants

In order to ensure the efficacy of the drug, selection of the correct chemotype is critical
(Joshi et al., 2004). The use of molecular markers to establish the genetic identity is an
important exercise in the interest of scientists and industrialists alike. Biochemical markers
have excessively been used, but a trend in favour of DNA based molecular markers has
started recently in medicinal plants also following other crop species. As little sequence
data exist for medicinal plants, the genome characterization and analysis of genetic
diversity in medicinal plants often rely on random amplified polymorphic DNA (RAPD;
Williams et al., 1990) and inter-simple sequence repeats markers (ISSR; Meyer et al.,
1993; Zietkiewicz et al., 1994).

RAPD and ISSR markers are good choices as molecular markers when the genome
under consideration is absolutely unexplored as an experimental system. However,
comparatively poor reproducibility coupled with their dominant character restricts their
use. The other systems like restriction fragment length polymorphism (RFLP; Botstein et
al., 1980) and amplified fragment length polymorphism (AFLP; Vos et al., 1995) are
costlier and time consuming, and suffer with the disadvantage of the requirement of a
labelling system that may either be radioactive or fluorescent. Microsatellites, which are
tandem repetitions of short nucleotide (1-6 bp) sequences, in comparison to major marker
systems like RFLP, RAPD, AFLP, etc. offer several advantages. They are multi-allelic,
highly polymorphic and reproducible, simple, co-dominant and amenable to automation
(Powell et al., 1996).

Microsatellite Hypermutability and Potential as Molecular Markers

The extensive microsatellite length polymorphism primarily emerges from the allelic
variation in the number of tandemly arranged repeat motifs (VNTR) (Tautz, 1989). The
molecular mechanisms governing microsatellite length variation are not completely
understood. Higher microsatellite mutation rates (10°-10) are thought to be responsible
for their length variability (Ellegren, 2000). The most common mechanism involved is
replication slippage at microsatellite sites (Schlotterer and Tautz, 1992). However, other
molecular events like unequal crossing over, single nucleotide changes or duplications are
also prevalent at these sites (Hancock, 1999). Microsatellite mutations also depend on
factors like allele size, motif size, gender, age, sequence composition, neighbouring
regions, etc. (Ellegren, 2000, 2002; Grover and Sharma, 2007; Grover et al., 2007;
Anmarkrud et al., 2008; Roorkiwal et al., 2009). Mutation patterns may also depend upon
the effectiveness of mismatch repair enzymes (Modrich and Lahue, 1996; Harr et al.,
2002). Further, propensities to make three dimensional secondary structures and
stabilization patterns also contribute to microsatellite mutation rates (Eckert er al., 2002;
Riley et al., 2007). Recently, Eckert and Hile (2009) reviewed these mechanisms and
hypothesized that different mechanisms might be occurring at different microsatellite loci
within the same genome.

The prevalent hypermutability in microsatellites might or might not have a functional
significance for the organism (Kashi and King, 2006), but has immensely been utilized to
develop sequence tagged microsatellite sites (STMS) markers (Litt and Luty, 1989; Weber
and May, 1989). In the following sections, we describe the development and applications
of microsatellites in a variety of medicinal plants. Primarily, these markers have been
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utilized for assessing genetic diversity in natural populations of these species, but they also
hold great potential for other uses like genome mapping, gene tagging, marker assisted
selection, authentication and detection of adulteration of the medicinal plant material,
protection of IPRs, etc.

Microsatellite Mining from Random Genomic Libraries

Conventionally, genomic microsatellites are isolated from the size selected genomic
libraries (Zane et al., 2002; Weising et al., 2005). This approach requires screening of
several thousand clones through colony hybridization with microsatellite repeat containing
probes (Rassmann et al., 1991). The first report of isolation of a microsatellite marker from
a medicinal plant, Helianthus annuus, also used a genomic library (Brunel, 1994). Two
microsatellite markers thus developed were tested for their polymorphism on more than 40
genotypes (Brunel, 1994).

Later, this approach was also found useful in isolation of microsatellites from other
plant species of medicinal importance, for example Aconitum napellus (aconite; Le Cadre
et al., 2005) and Acanthus ilicifolius (sea holly; Geng et al., 2008). In the latter report
(Geng et al., 2008), dual-suppression-PCR has been used to circumvent the need of
radioactive screening of recombinant clones in the genomic libraries of Acanthus ilicifolius
and Lumnitzera racemosa (black mangrove). To determine the region flanking one end of
the microsatellite sequence, PCR amplifications followed by DNA sequencing were carried
out using a microsatellite primer and an adapter sequence. The fragments thus obtained
were used to design two primer pairs (IP1 and IP2) for nested PCR. Second PCR
amplification was performed using the second adapter sequence at opposite end as one of
the primer and any one of the primers designed in the previous step (e.g., IP1). The
amplification product thus obtained was re-amplified using the second specific primer (e.g.,
IP2, as mentioned above) and second adapter primer. Amplification products at the end of
each PCR step were sequenced. A single primer (IP3) was designed from this region as the
flanking primer for microsatellite at the second end. Three flanking primers for each of the
microsatellites thus provided two pairs of primers (IP1/IP3 and IP2/IP3) for developing
markers (Geng et al., 2008). Various modifications to this general protocol were also
introduced by Geng et al. (2008). For example, a compound microsatellite repeat was used
as a primer in the first step and primer from flanking region from only one of the ends was
designed. Eight microsatellites thus obtained successfully detected polymorphisms in 40
individuals of mangroves representing A. ilicifolius and L. racemosa.

Screening of genomic libraries with radio-labelled microsatellite probes has routinely
been used to isolate microsatellites and to exploit them for a variety of purposes. Six
microsatellite markers developed by screening genomic libraries of Aconitum napellus
were used to screen genetic diversity among 60 individuals representing six French natural
populations to study inbreeding depression among these populations (Le Cadre et al.,
2005). Gilmore et al. (2003) used a cocktail of di- and tri-nucleotide repeat probes, as
earlier described by Scott et al. (2001), for screening a genomic library of Cannabis sativa.
Five microsatellite markers thus developed were used to genotype 93 plants representing
drug and fibre accessions. A narrow genetic base of drug yielding accessions was reported
in C. sativa (Gilmore et al., 2003). For a species like Cannabis, which has a potential of
being misused, development of microsatellite assays is an important activity, as the unique
and accurate identification of genotypes can keep a watch on their illegitimate cultivation
and production (Gilmore ef al., 2003).
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Probably the most successful application of genomic libraries for development of
microsatellite markers in a medicinal plant is displayed by Shokeen et al. (2007),
developing 24 markers in Catharanthus roseus (Madagascar periwinkle) by screening
genomic libraries with oligonucleotide probes of motifs CA, CT, GC and GCG. Genetic
polymorphism was evaluated in 32 genotypes of C. roseus and transferability of these
markers was tested on C. trichophyllus, C. pusillus, Vinca minor, Thevetia peruviana and
Nerium indicum (Shokeen et al. 2007). Remarkably, this study demonstrated the use of GC
probes for mining of microsatellites in a genomic library. Such microsatellite repeats are
generally avoided for library screening considering problems expected due to self-
complementarity of the single stranded probe. However, among the 38 microsatellites
isolated by Shokeen et al. (2007) using this procedure, none contained a GC repeat. Our
experience of analysing microsatellite repeats in rice and members of family Solanaceae
suggest that GC repeats reveal low polymorphism (Grover et al., 2007; Roorkiwal et al.,
2009), and hence their use must be avoided for the purposes of DNA fingerprinting and
diversity assessment experiments.

Heterozygosity values and average number of alleles obtained in these studies showed
marked variation. Particularly, lower heterozygosity and allele number was obtained in
Aconitum napellus than in Acanthus ilicifolius. Though different methods were used to
extract the microsatellite markers from these plants (Le Cadre et al., 2005; Geng et al.,
2008), several other factors like mutability of the concerned loci or the genotypes under
study, might have contributed to the development of microsatellites with different
heterozygosity and allele numbers. Further, the inbreeding nature of Aconitum napellus
accessions supports low heterozygosity (Le Cadre ef al., 2005). Another reason that might
have contributed to the observed variation in allele number and heterozygosity is the
microsatellite motifs used for screening genomic libraries. Repeats of family AC were
probed by Brunel (1994) in sunflower, Geng et al. (2008) in Acanthus, and Le Cadre et al.,
(2005) in Aconitum. Additionally, Geng et al. (2008) also targeted compound
microsatellites of (AC)s(TC)s and (TC)s(AC)s type, and Le Cadre et al. (2005) also used
motif TC and anchored tetranucleotide CT(ATCT)¢ and (TGTA)sTG probes.

Construction of genomic libraries for isolation of microsatellites is a simple approach
and works well for the genomes which are richer in microsatellites, but for microsatellite
poor genomes, this approach is tedious and inefficient (Zane ef al., 2002).

Microsatellite Mining from Enriched Libraries

Enriched libraries by far are the most popular way for isolation of microsatellites in
medicinal plants. Different methods exist for enriching the libraries for microsatellites and
most of them have been applied in medicinal plants for development of microsatellite
markers.

Among the many different methods available for library enrichment for microsatellites,
the most popular method is biotin-streptavadin capture protocol with its various
modifications, successfully applied in the case of many medicinal plants for isolation of
microsatellites (Table 5.1). Wardill er al. (2004) restricted the genomic DNA of Acacia
nilotica ssp. indica (prickly acacia), ligated adapters and PCR amplified the entire size-
selected genomic DNA. The amplified products were hybridized with biotin-labelled
microsatellite probes. The eluted enriched genomic products were amplified again and
cloned. Library enrichment protocol described by Fischer and Bachmann (1998) was used
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by Boontong ef al. (2008) for isolation of eight polymorphic microsatellite markers in
Azadirachta indica (Indian neem) and Gilmore and Peakall (2003) in Cannabis sativa
(Table 5.1). Another variant of the same protocol as defined by Bloor ef al. (2001) was
applied by Crozier et al. (2007) for construction of AG- and TG-rich microsatellite libraries
in Ficus racemosa (cluster fig) and Ficus rubiginosa (Port Jackson fig). Eleven
microsatellite markers were tested for cross-species amplification and genetic diversity
estimations in these species (Crozier ef al., 2007). Similarly, a selective hybridization
procedure (Karagyozov et al., 1993) was used for extraction of five and three microsatellite
markers from Ficus montana (oak leaf fig) and Ficus septica (Noboloboi), respectively
(Zavodna et al., 2005). Enriched libraries were also constructed in Hibiscus glaber for
isolation of CT based microsatellite repeats (Ohtani et al., 2008) and ten of these proved
highly polymorphic among natural populations and parentage analysis. Nine microsatellites
could also be cross-amplified in closely related Hibiscus tiliaceous, another plant with
medicinal importance and occurring in the same geographical and ecological regimes
(Ohtani et al., 2008). Such cross-amplifications are important and help to build the
common resources for future development of these species into crop plants. Similarly,
Takayama et al. (2006) discovered microsatellites in Hibiscus tiliaceous and reported their
cross-amplification in H. glaber. Takayama et al. (2006) also mined microsatellites from an
enriched library following FIASCO protocol (discussed below separately).

Microsatellites have been isolated from enriched libraries constructed using the biotin-
streptavadin capture method in a number of medicinal plants described by traditional
Chinese medicine system. Some of the reports include Wang et al. (2008) in Hippophae
rhamnoides (Sea buckthorn), Wan et al. (2008) in Przewalskia tangutica, a Tibetan
medicinal plant belonging to family Solanaceae, Aceto et al. (2003) in Asparagus
acutifolius and Gu et al. (2007) in Dendrobium officinale, a Chinese medicinal herb. Ma et
al. (2007) used yet another modification of this method as described by Dixit et al. (2005)
for construction of enriched libraries, which were screened to develop 22 polymorphic
microsatellite markers in Panax ginseng (ginseng).

The probability of finding a microsatellite, as described in most of these studies, was
50% on sequencing a clone after enrichment procedure (Table 5.1), much higher than that
in our experience of handling genomic libraries for isolation of microsatellites (Grover et
al., 2009). Our attempts to isolate microsatellites from genomic libraries produced 1%
positive clone at primary level of screening, and subsequently 2% following secondary
screening.

Using the enrichment procedure of Fisher ef al. (1996) based on 5'-anchored PCR
protocol, Shokeen et al. (2005) developed seven microsatellite markers in Catharanthus
roseus. The PCR required amplification using a degenerate primer with anchored region
being KKVRVRV (K= G/T; V= G/C/A; R= G/A) followed by a simple sequence
oligonucleotide of appropriate length. In original protocol, the 3' of the primer was
constituted by (CT)s, while Shokeen et al. (2005) substituted it by (AG);o. A disadvantage
of this technique is that the microsatellite is often present at the terminal position, and
therefore only one flanking primer can be designed. For genetic diversity analysis, original
degenerate primer has to be used in combination with a single flanking primer (Fisher et
al., 1996; Shokeen et al., 2005). However, in certain cases, internal microsatellite markers
could also be obtained, and they could be used in a conventional way by designing two
flanking primers as usual (Fisher ef al., 1996; Shokeen ef al., 2005).

Edwards et al. (2007) initially amplified the size-selected DNA using Sau3AlI linker
primers, and then followed the enrichment procedures involving hybridization with biotin-
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labelled oligonucleotide probes. Radioactive screening was avoided by extracting the
plasmid DNA and using it as a template in a PCR reaction that had microsatellite
oligonucleotide as primer (Edwards ef al., 2007). This effort led to development of 19
microsatellite markers in Hypericum cumulicola (highlands scrub hypericum), which were
tested on a population of 19 individuals.

Fagopyrum esculentum (common buckwheat) is an important crop plant in China and
Japan, which is equally valued for its medicinal uses. Its importance as a crop has led to
overall crop improvement efforts in this plant species, and thus more than 50 microsatellite
markers have already been developed in common buckwheat using enrichment protocols
(Iwata et al., 2005; Konishi et al., 2006). Five microsatellite markers were developed by
Iwata et al. (2005), which were tested on a panel of 19 genotypes and compared with
AFLP markers. The average heterozygosity values obtained for AFLP and microsatellite
markers were 0.303 and 0.819, respectively. The microsatellite markers reported in this
study were highly polymorphic, as 203 alleles were revealed for only five microsatellite
loci (Iwata et al., 2005). Another 48 microsatellite markers reported by Konishi et al.
(2006) were also highly polymorphic with average PIC value of 0.79, which is only slightly
less than that reported by Iwata et al. (2005) for five microsatellites. As the markers
developed in cultivated common buckwheat also cross-amplified in seven wild relatives of
buckwheat (Konishi et al., 2006), the scope of improvement of common buckwheat for
medicinal cultivation are promising. Molecular markers cross amplifying in related species
is the foremost step towards introgressing useful traits from wild germplasm to the
cultivated gene pool.

Fast Isolation by AFLP of Sequences COntaining repeats (FIASCO)

FIASCO protocol was first described by Zane ef al. (2002) as a faster and simpler
alternative to construction of libraries for isolation of microsatellites. As described in the
original protocol, the technique relies on two important features of the primers: one, that
adaptors are not phosphorylated to avoid self-ligation, and second that their sequence is
designed in such a way so as not to restore Msel restriction site, which is the usual choice
in AFLP. Thereafter, the amplification step is carried out using a mixture of four primers
with a different 3'-selective base. The amplification step is followed by the hybridization
step as usual, except that a simple sequence oligonucleotide is taken as a hybridization
probe. In the original protocol (AC);; was used as the hybridization probe. The hybridizing
sequences are recovered using normal biotin-streptavadin capture, as in any other
enrichment protocol. The sequences recovered thus are amplified using PCR performed
with the primers described above. The amplification products are used for preparation of
enriched genomic libraries (Zane et al., 2002). FIASCO is essentially a method of library
enrichment, but its popularity in construction of microsatellite enriched genomic libraries
has made us consider its discussion separately here.
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Table 5.1. Microsatellite development in medicinal plants using biotin-streptavadin capture or PCR based enrichment methods, and their

applications.
Species Enrichment Probe Yield® No. of No. of truly Polymorphism Population/ Reference
procedure motifs for primers polymorphic parameters® Germplasm
(modification) | enrichment designed loci® assayed
Acacia nilotica De Barro et al. | Not known 50% Not known 5 Alleles: 2-3 3 Australian and | Wardill et
(2003) Heterozygosity: 6 Indian al. (2004)
0.000-0.458 individuals
Asparagus Tenzer et al. GA, GTT 713 colonies 12 7 Alleles (per 15 individuals Aceto et al.
acutifolius (1999) screened. locus): 2-5; from a natural (2003)
28 picked up Heterozygosity: population from
for 0.20-0.73 Pontecagnano,
sequencing Italy
Azadirachta Fischer and CT 68 colonies 26 8 Alleles (avg.): 39 individuals Boontong
indica var. indica Bachmann sequenced, 5.5 (within from 2 etal.
(1998) 47 contained variety), 4.9 accessions of (2008)
microsatellite (across variety); | Indian Neem
Heterozygosity (var. indica);
(avg.): 0.5 cross-amplified
(within and in 39 samples of
between variety) | Thai Neem (var.
siamensis)
Cannabis sativa Modified CT, GT, 95 positive 29 11 Alleles (avg.): 41 Cannabis Alghanim
Edwards et al. | CAA, ATT, clones out of 4.7 samples and
(1996) method | GCC, ACC, 192 Heterozygosity Almirall
AGG, CTT, sequenced (avg.): 0.529 (2003)
AGC, ACG, (49.5%) ina
ACT, ATC library of 685

colonies
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Cannabis sativa Fischer and Not known Not known Not known 11 Alleles (avg.): 48 samples Gilmore
Bachmann 10.7 representing 5 and
(1998) Heterozygosity fibre crop Peakall
(avg.): 0.68 accessions (2003)
Catharanthus Fisher et al. AG < 50% Not known 7 Alleles (avg.): 32 C. roseus Shokeen et
roseus (1996) 3.86 accessions; al. (2005)
Heterozygosity cross-amplified
(avg.): 0.7511 in C.
trichophyllus
Fagopyrum Tani et al. CT, GT 1079 out of 237; out of 48 Alleles (avg.): Cross-amplified Konishi et
esculentum (2004) 1875 which 54 12.2; PIC (avg.): | in seven al. (2006)
(57.5%) for were single 0.79 Fagopyrum
CT enriched locus species and
library; 404 subspecies with
out of 910 different ploidy
(44.4%) for levels
GT enriched
Ficus montana Karagyozov et | di-, tri-, tetra- | 71 out of 308 12 5 Alleles: 5-14 24 F. montana Zavodna et
al. (1993) nucleotide clones Heterozygosity: individuals; 2 al. (2005)
repeat sequenced 0.23-0.87 primers cross-
probes amplified in F.
septica
Ficus racemosa Bloor et al. AG, TG 50% 86 11 Alleles: 2-8 17-21 Crozier et
(2001) Heterozygosity: individuals of F. | al. (2007)
0.12-0.91 racemosa;
cross-amplified
in 16-24
individuals of F.
rubiginosa
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Ficus rubiginosa Bloor et al. AG, TG 50% 92 11 Alleles: 2-15 16-24 Crozier et
(2001) Heterozygosity: individuals of F. | al. (2007)
0.12-0.91 rubiginosa;
cross-amplified
in 17-21
individuals of F.
racemosa
Ficus septica Karagyozov et | di-, tri-, tetra- | 58 out of 223 7 3 Alleles: 3-5 36 F.septica Zavodna et
al. (1993) nucleotide clones Heterozygosity: individuals; 2 al. (2005)
repeat sequenced 0.36-0.49 primers cross-
probes amplified in F.
montana
Heracleum Schlotterer et | AT, GA Not known Not known 4 (nuclear) Nucl. Alleles 13 British Walker et
mantegazzianum | al. (1997) 1 (plastid) (avg.): 12.75 populations al. (2003)
Cp Alleles: 4
Hibiscus glaber Tani et al. CT 87 positive 48 10 Alleles (avg.): 78 individuals Ohtani et
(2004) clones out of 16.5 from Nishijama al. (2008)
208 Heterozygosity Island; cross-
sequenced (avg.): 0.854 amplified in 12
individuals of H.
tiliaceous from
Chichijima
Island
Hippophae Same as Same as 26 26 9 Alleles: 3-12; 12 individuals Wang et al.
rhamnoides ssp. above above microsatellite Heterozygosity: | from distantly (2008)
sinensis s out of ~200 0.1397-0.2997 related
sequenced populations;
clones cross-

amplification in
three species
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Hypericum Kandpal et al. CA 88 positive 46 19 Alleles (avg.): 24 individuals Edwards et
cumulicola (1994) clones out of 2.21 from a natural al. (2007)
267 Heterozygosity population
sequenced (avg.): 0.243
Panax ginseng Dixit et al. GA, AGC, 203 positive 189 22 Alleles (avg.): 10 Ginseng Ma et al.
(2005) GGC, AAG, clones out of 4.5 accessions (2007)
AAC, AGG 504 Heterozygosity
sequenced (avg.): 0.554
Przewalskia Biotinylation of | AG, CT, GT, | 29 29 12 Alleles: 3-12; 17 individuals Wan et al.
tangutica probes not AC, CG, microsatellite Heterozygosity: from distantly (2008)
involving CCA s out of ~200 0.1652-0.3183 distributed
radioactive sequenced populations
screening clones

?Yield refers to number of clones identified positive after screening;

bTruIy polymorphic loci refers only to those loci which amplified in the expected size range and showed polymorphism reproducibly on the
germplasm analysed

Values indicated here take into account only the actually polymorphic loci. Heterozygosity values are the observed heterozy
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There are at least seven published reports exemplifying the use of FIASCO for isolation
of microsatellite markers, as indicated in Table 5.2. FIASCO has also been applied to other
plants as well, which are primarily harvested for other purposes, but therapeutic uses also
add to their economic importance. An example includes Nelumbo nucifera (sacred lotus),
for which 24 microsatellite markers were reported using FIASCO (Pan et al., 2007).

Most importantly, the protocol has been used to extract eight microsatellite markers
using AC probes in Artemisia annua (Huang et al., 2008). A. annua (Qinghao) is an
important plant yielding valuable extracts with anti-malarial properties. A genotype of
Qinghao, selected with the aid of SCAR markers for high yielding anti-malarial phenotypes
has been patented, and named ‘CIM-Arogya’ (Khanuja et al., 2009).

Xu et al. (2006) introduced a few modifications in the original protocol of Zane ef al.,
(2002) for extraction of 32 microsatellites from Gastrodia elata (Tian ma). The
modifications introduced by Xu et al. (2006) include the initial amplification steps of
digested-ligated fragments reduced to 17, hybridization of 5'-biotinylated AAG probes in
double amount (150 pmol) as compared to the original protocol (Zane et al., 2002),
streptavadin paramagnetic particles were prepared by washing with a weakly alkaline
solution (Zane et al., 2002), and the number of amplification cycles were reduced to 23
cycles (Xu et al., 2008). The microsatellites developed thus when analysed for their
polymorphism levels, had a high heterozygosity ranging from 0.000 to 1.000, but as most
of the loci had low heterozygosities, average heterozygosity was comparatively lower. The
FIASCO protocol followed by Xu et al. (2008) in Epimedium brevicornum (barrenwort)
carries further modifications: the initial PCR step constituted of 20 cycles, amount of
biotinylated probes further enhanced to 200 pmol, washing step for streptavadin
paramagnetic particle preparation was restored as described in the original protocol (Zane
et al., 2002), and final amplification was carried for 25 cycles.

Zane et al. (2002) favoured the use of FIASCO considering the costs and time saved by
this protocol. The efficiency is such both in terms of time and cost that a single laboratory
can prepare about ten libraries within a month.

A similar but technically distinct approach of constructing a microsatellite enriched
library involves cloning ISSR-PCR products. Recently, Henry ef al. (2008) demonstrated
its use in Heracleum mantegazzianum (giant hogweed). The protocol requires cloning of
ISSR-PCR products, followed by sequencing of some or all of the clones. Henry et al.
(2008) sequenced 48 clones, with all of them containing the desired inserts. Nine of the
clones had internal microsatellites also present within the insert, and thus two flanking
primers were designed for these microsatellites as usual. Five of these proved useful in
genotyping distant populations, and cross-species amplification (Henry et al., 2008).
Technically speaking, this protocol is even simpler and faster than FIASCO. However, the
success rate for developing true microsatellite markers with both the flanking primers
available is lower in this case, compared to FIASCO (Table 5.2). Nevertheless, anchored
primers in combination with a single flanking primer can be efficiently applied for any
genetic analysis in the same way as a normal single locus microsatellite marker.
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Table 5.2. Application of FIASCO protocol for development of microsatellites in medicinal plants.

Species Probe Yield® No. of primers No. of truly Polymorphism Population/ Reference
motifs designed polymorphic parameters® Germplasm
for loci assayed
enrich-
ment
Artemisia AC 78 clones 32 8 Alleles (avg.): 3.1 54 samples from Huang et
annua sequenced Heterozygosity two populations of al. (2008)
(avg.): 0.4328 A. annua collected
in Hebei and
Guangxi, China.
Epimedium AC 85 clones 51 12 Alleles (avg.): 5.25 38 individuals from Xu et al.
brevicornum sequenced, 59 Heterozygosity wild population at (2008)
contained (avg.): 0.38 Shanxi, China
microsatellites
Eucommia AC 180 clones 29 19 Alleles (avg.): 7.21 36 individuals from Deng et al.
ulmoides sequenced; 43 Heterozygosity 10 populations from | (2006)
positive (avg.): 0.36 China
Gastrodia AAG 73 clones 32 13 Alleles (avg.): 5.5 32 individuals from Xu et al.
elata sequenced, 40 Heterozygosity 8 wild populations (2006)
contained (avg.): 0.123
microsatellites
Hibiscus GA, GT | Total colonies— 224; 12 6 Alleles (avg.): 5.3 37 individuals from Takayama
tiliaceus PCR amplified Heterozygosity South Africa; cross- | et al.
clones— 101 (avg.): 0.424 amplified in four (2006)
Microsatellite species of Hibiscus;
positive— 77 also used for
population studies
(Takayama et al.
2008)
Hieracium CT, CAA | 461 colonies 13 11 Alleles (avg.): 16.5 127 individuals from | Zini and
pilosella sequenced; 20% Heterozygosity six locations in Komjanc
contained (avg.): 0.424 Trentino, Italy (2008)

microsatellites
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Trifolium
repens

CA, ATG

6816 clones total;
4277 positive; 1689
contigs and 991
singletons
constructed; 260 CA
and 318 ATG
repeats reported

578;
191 tested

116

Not known

GA02-15 and
GA02-56 of
genotypes SRVR
and Durana as
parents and six
progenies from F1
in the mapping
population

Zhang et
al. (2008)

?Yield refers to number of clones identified positive after screening;

I°’Truly polymorphic loci refers only to those loci which amplified in the expected size range and showed polymorphism reproducibly on the
germplasm analysed

Values indicated here take into account only the actually polymorphic loci. Heterozygosity values are the observed heterozygosity.
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Mining of Microsatellites from DNA Sequence Databases

Extracting microsatellite sequences from the publicly available DNA sequences deposited
in major databases like GenBank is the most attractive source of developing microsatellite
markers. However, the use of these data resources is restricted by the fact that these
databases are over-represented by sequences of the model organisms, and whatever data
are available for other organisms is either too miniscule or does not provide a meaningful
coverage of the concerned genomes. Nevertheless, there are examples of use of sequence
resources for development of microsatellite markers in medicinal plants. As described in
Table 5.2, Zhang et al. (2008) made a genome-wide survey of Trifolium repens (white
clover) using phpSSRMiner (available at http://bioinfo.noble.org/phpssrminer/) for the
presence of microsatellites. Utility of these microsatellites was tested on a mapping
population (Zhang et al., 2008). Wide-scale integration of these markers into genome maps
of T. repens is currently underway (Zhang et al., 2008). Similarly, Acquadro et al. (2006)
screened ESTs of Apium graveolens (celery) for the presence of microsatellites. Out of the
73 microsatellite loci discovered using sputnik (http://espressosoftware.com/sputnik/),
marker potential for 39 were tested on 16 commercial varieties of celery, out of which 16
loci could be developed into markers (Acquadro et al., 2006). Both Trifolium repens and
Apium graveolens are domesticated plants, and thus availability of DNA sequence wealth is
a benefit for developing markers in these species. Another species Ipomoea trifida
(morning glory), though is not currently a domesticated species, is still an interesting
subject of scientific investigation, being most likely ancestor of sweet potato (Austin,
1988). Screening of 1. trifida sequence database led to the development of 12 microsatellite
markers showing 100% transferability to I. batatas (sweet potato) (Hu et al., 2004). These
markers also displayed high transferability to three other Ipomea species.

On the similar lines, we are currently developing EST-derived microsatellite markers in
sea buckthorn (Hippophae rhamnoides) and assessing their transferability to other species
of Hippophae. The ESTs screened for development of markers in this study have been
developed in our laboratory.

Exploiting Sequence Databases for Microsatellite Markers in Medicinal
Plants

As discussed above, DNA sequence databases are attractive sources of microsatellite
marker development. The disadvantage of representation of only a few species in these
databases is partially overcome by the fact that microsatellites show a good rate of
transferability among closely related species (reviewed by Sharma et al., 2007). The
transferability can sometimes be extended at genus level as well. Further, statistics
available at the NCBI website indicate that complete genome sequences are available for
two plants currently in addition to six draft assemblies and 43 genome sequencing projects
in progress (http://www.ncbi.nlm.nih.gov/genomes/static/gpstat.html). Further, a number of
other DNA sequence databases exist, and the data available at dbEST and unigene database
are other potential sources for development of microsatellite markers in medicinal plant
genomes. We suggest that wide scale explorations of microsatellite transferability within a
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family, especially in the genic regions may be helpful in developing useful microsatellite
markers in orphaned medicinal plant genomes.

ISSR Markers in Medicinal Plants

Most of the medicinal plants provide new genetic systems to the biologists and are
amenable to be characterized by RAPD and ISSR markers. ISSR markers (Meyer et al.,
1993; Zietkiewic et al., 1994) rely on a primer containing simple repeat sequences as
primer for PCR amplification to generate reproducible fingerprints. The primers may be the
unanchored or anchored generally at the 5' end by selective nucleotides to prevent internal
priming and to amplify only a subset of the targeted inter-repeat regions.

These markers have proved quite useful for genetic diversity analysis in medicinal
plants (Joshi et al., 2004; Yip et al., 2007). ISSR fingerprinting has been used in the
authentication of Dendrobium officinale (Tiepi shihu; Shen et al., 2006) and in the studies
of genetic variations and relationships of Hippophae rhamnoides (Tian et al., 2004),
Houttuynia (lizard tail; Wu et al., 2005), Codonopsis lanceolata (bonnet bellflower; Guo et
al., 2006), Cannabis sativa (Hakki et al., 2007), Impatiens glandulifera (Himalyana
balsam; Provan ef al., 2007) and Podophyllum hexandrum (Indian mayapple; Alam et al.,
2008).

A disadvantage of ISSR-PCR is that the primers may anneal to sequences other than
microsatellites of the desired repeats (Caldeira et al., 2002). Moreover, the banding patterns
can be affected by magnesium ion concentration, thermocycler and annealing temperature
in use (Shen et al., 2006), and even amount of amplification product loaded on the gel.

Selective Amplification of Microsatellite Polymorphic Loci (SAMPL) in
Medicinal Plants

SAMPL can detect high levels of polymorphism between closely related genotypes, as they
exploit the hypervariability of microsatellites, and do not require development of single
locus individual microsatellite markers. Negi er al. (2006) used a pre-amplified AFLP
restriction mixture of Withania somnifera for SAMPL analysis for genetic diversity
analysis in W. somnifera and W. coagulans genotypes. SAMPL is a simple PCR-based
assay that combines the benefits of both AFLP and microsatellite analysis.

Applications of Microsatellite Markers in Exploitation and
Conservation of Medicinal Plants

Microsatellite markers have proved their utility in fields like genome mapping, marker
assisted selection, genetic diversity estimations, taxonomy, evolutionary biology, etc. They
have shown immense applications in crop plants, and have only recently started being
employed for medicinal plants, as clear from the discussion above.



86 Microsatellite Markers

It is well recognized that geographical conditions affect the active constituents of the
medicinal plants, and hence the activity of the extracts obtained from them vary (Oleszek et
al., 2002). Microsatellites have excessively been used for studying geographical variation
at the genetic level. In fact, most of the microsatellite mining efforts described above had
estimates of genetic diversity for the design of crop improvement programmes, or
management of germplasm and evolving conservation strategies as an outcome. Such
studies have also been made to characterize several population structures in wild. An
interesting example has been presented by Wanke et al. (2006) who found an intronic
microsatellite in chloroplast gene #rnK of Aristolochia. Highly polymorphic microsatellite
showed polymorphic banding patterns in 32 species of the genus Aristolochia. The
microsatellite locus was also found useful in population studies in three species of
Aristolochia including A. pallida in which it was originally discovered as a by-product of
some evolutionary studies by the same group. A bulk of the studies described above also
tested the transferability of microsatellite markers to other species. Such studies are
important, as they not only make the basis to implement wide hybridization in future, they
are also useful for meticulously planned introgressions, constructing common genomic
maps and studying evolutionary relationships.

Microsatellites hold a lot of promise to be implemented in authentication of medicinal
plants, especially to avoid adulteration and non-judicial use. Gilmore and Peakall (2003)
demonstrated their use to distinguish between fibre and drug accessions of Cannabis
sativa. Negi et al. (2006) used SAMPL to distinguish Kashmiri genotypes of W. somnifera
from Nagori genotypes.

Marker-assisted selection (MAS) of desired chemotypes is another area where
microsatellites markers are likely to find their utility. For the purpose of MAS and genome
mapping, segregating populations or isogenic lines are required, and hence can be
applicable only on those species which are presently under cultivation. Whatever MAS or
gene tagging has been carried out in medicinal plants has been primarily based on the use
of RAPD markers (reviewed by Joshi et al., 2004).

Conclusions

Microsatellites are highly dynamic markers which can be useful for a variety of studies.
Medicinal plants face the challenges of getting domesticated first, followed by selection of
the most appropriate chemotypes. The ability to identify the desired genotypes at an early
stage is the most remarkable characteristic of any molecular marker, and is implemented
effectively using microsatellite markers. The chances of bringing the correct genotypes into
cultivation and their effective breeding are thus greatly enhanced by employing
microsatellites for genome mapping and marker assisted selection.

In general, there are three ways in which microsatellite analysis can contribute to the
development and improvement of plant species with medicinal importance. Firstly, they
can be employed for genetic diversity screening within the gene pool of a species, and
characterizing the geographically diverse populations. The genetically diverse and
agronomically suitable genotypes can thus be selected for improvement using plant
breeding efforts. Secondly, microsatellite analysis can be used to establish linkage among
different loci for development of genetic maps, and with different traits to facilitate marker
assisted selection. Though the production of bioactive compounds is not frequently a
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quantitative trait, several QTLs may be required to be tagged when the species is under
cultivation. Thirdly, microsatellites may be used for characterization of populations, so as
to select suitable parents in future breeding efforts.

Further, microsatellites hold immense importance in authentication of accessions of
medicinal plants, avoiding duplication and non-judicious use, and can be presented as
evidence for IPRs. Thus, mining of more and more of the microsatellites for each of the
species is desired. In fact, high-throughput efforts are required for pacing up the crop
improvement efforts in these species. Beyond doubt, microsatellite markers are required for
modernization, industrialization and internationalization of traditional medicines.
Microsatellites can identify a sample in any physical form and provide reproducible results
irrespective of age, tissue, environmental conditions, storage, etc. The requirement of small
sample quantity is of particular importance for quality control.
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Chapter 6

In vitro Propagation of Medicinal Plants for
Conservation and Quality Assurance

Christoph Wawrosch

Introduction

Mankind has been using plants since time immemorial for purposes such as food, timber,
fodder, and as medicinal remedies. Worldwide, out of some estimated 422,000 plant
species about 72,000 are used as medicinal and aromatic plants (MAPs) (Schippmann ef al.,
2006). An estimation of the World Health Organization indicates that more than 80% of the
world population still relies mainly on herbal medicine for their healthcare (Vines, 2004).
Large amounts of MAPs are industrially processed for the preparation of pure compounds
which are used as such, or further modified (Bonati, 1988). In Western countries there has
been renewed interest for plant-based medicines in the past decades, including own
traditional herbals and phytopharmaceuticals, but also foreign medicinal systems such as
Ayurveda or Traditional Chinese Medicine.

Generally, the majority of plant species used for medicinal purposes are harvested from
the wild. As a result of massive harvesting of MAPs from wild populations, a significant
number of plants are endangered in their natural habitats in European countries (Lange,
1998). In South Africa, the rich resources of medicinally useful plants are decreasing at an
alarming rate due to over-exploitation (Afolayan and Adebola, 2004). Deforestation has
been regarded as one reason for the rapid loss of medicinal plant wealth in India (Rout et
al., 2000). The annual trade in wild collected MAPs and products thereof in South Asia is
huge (Olsen, 2005), and greenhouse climate change will probably have major impact in the
Himalayas as a future threat to the plant communities (Barnett ez al., 2005).

Globally, about 15,000 medicinal plant species are threatened, the reasons including
loss of habitat, commercial over-harvesting, invasive species and pollution (Hamilton,
2008). It is by no doubt very necessary to push every possible effort into strategies for the
conservation of our planet’s invaluable resources. However, there are also other reasons
why wild-collected medicinal plant material might be problematic. While there is always a
chance for adulterations with unwanted, maybe even harmful species, companies are also
interested in steady sources of reliably botanically identified raw material, genotypes with
desired and improved traits, and controlled post-harvest handling (Leaman, 2001;
Schippmann et al., 2006).
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Conservation and Quality Assurance

Two major concerns arise from the above mentioned facts: (i) an obvious and urgent need
for measures aiming at protecting and conserving world-wide plant populations; and (ii) in
the context of ongoing development of safe and high-quality plant-based medicines, quality
assurance is a major issue (Chaturvedi ef al., 2007). As a possible solution, it has been
recommended that wild species be brought into suitable cultivation systems. It is currently
discussed whether or not this will be a general option in each and every situation, or
whether sustainable harvest would be a more important conservation strategy for wild-
harvested species (Schippmann ef al., 2006).

It seems likely that in many cases an approach tailored to the specific situation could
be successful. However, it is undoubted that controlled field culture offers a number of
advantages and would help in both conservation and quality assurance of medicinal plants.
Such a trend has been observed in Germany where producers of phytomedicines are
involved in the domestication of hitherto wild-collected species (Franke, 1999).

In vitro Propagation

The domestication of wild-growing species includes many steps ranging from studies of the
plant’s botanical features and ecological requirements, to the elaboration of the final
cultivation process, and can last several years. At different stages in vitro techniques can be
included, e.g. for storage of plant materials, propagation, or selection breeding for genetic
improvement (Franz, 1991; Bohr, 1997). Certainly plant tissue culture is not to be used in
each and every case, but offers clear advantages when species are difficult to propagate
conventionally. This would be the case e.g. with seldomly or never flowering species, low
seed germination rates or inhomogeneous seed quality, or with slow growing taxa like
woody plants (Canter ef al., 2005; Wawrosch, 2005).

In vitro-propagation (micropropagation) offers a number of clear advances, as recently
summarized by Debnath et al. (2006). Basically, these include: (i) the production of large
numbers of plantlets in a comparably short time, due to usually high multiplication rates;
(i1) micropropagation is feasible independently of the season; and (iii) plants produced in
vitro are usually free from microorganism borne diseases, and valuable genotypes can be
freed from plant viruses.

As generally also valid for any agronomically or horticulturally important plant
species, it should be kept in mind that not every in vitro technique is equally suitable for the
production of genetically homogeneous propagules. The avoidance of off-types is without
doubt also important when in vitro techniques are applied within programmes for
domestication and cultivation of medicinal plants. Thus, in vitro propagation starting from
existing meristems should be the major strategy (i.e. shoot or nodal culture) because it is
least likely to induce somaclonal variation. However, depending on the genotype, other
techniques based on adventitious shoot formation or somatic embryogenesis may be used as
long as the occurrence of genetic variation is acceptable or can be controlled (George and
Debergh, 2008).
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Medicinal Plants

Commercial in vitro propagation of plants has developed into a multi-billion-dollar industry
since the 1960s. However, although available figures date back to more than a decade, it
becomes apparent that MAPs play only a minor role (Pierik, 1991; Govil and Gupta, 1997;
Hartman and Zimmerman, 1999). While there are a number of commercial and
technological factors which generally limit the marketing of micropropagated plants (Ilan
and Khayat, 1997), the increasing demand for medicinal drug material might well change
the situation. Furthermore, the development of new bioreactor-based techniques is likely to
reduce production costs and improve efficacy of in vitro propagation (Ziv, 2000; Etienne
and Berthouly, 2002). Nevertheless, there has been substantial research in the development
of propagation protocols for MAPs. For details we refer to the recent excellent reviews by
Chaturvedi ef al. (2007), Debnath et al. (2006), Afolayan and Adebola (2004), Tripathi and
Tripathi (2003) and Rout ez al. (2000). At the author’s institution, in vitro propagation of
medicinal plants has been dealt with for several years; Table 6.1 lists some species which
have been studied.

Table 6.1. Some medicinal plant species for which in vitro-propagation protocols have been
established at the Department of Pharmacognosy, University of Vienna.

Medicinal plant species References

Achillea ceretanica Sennen

Wawrosch et al. (1997)

Allium wallichii Kunth

Wawrosch et al. (2001a)

Butea buteiformis (Voigt) Grierson and Long

Singh et al. (2006)

Charybdis numidica (Jour. & Fourr) Speta

Kongbangkerd et al. (2005);
Kongbangkerd and Wawrosch (2003)

Crataegus monogyna Jacq. (Lindm.)

Wawrosch et al. (2007)

Dendrobium huoshanense C.Z. Tang et S.J.

Cheng

Luo et al. (2009)

Drosera sp.

Wawrosch et al. (1996); Kopp et al. (2006)

Glycyrrhiza glabra L.

Wawrosch et al. (2009)

Lilium nepalense D.Don

Wawrosch et al. (2001b)

Picrorhiza kurroa Royle. ex Benth.

Wawrosch et al. (2002, 2003)

Stemona curtisii Hook f.

Montri et al. (2006)

Stemona tuberosa Lour.

Montri et al. (2009)

Swertia chirata Buch.-Ham. ex Wall

Wawrosch et al. (1999, 2005)

Tussilago farfara L.

Kopp et al. (1997); Wawrosch et al. (2000)

Conclusion

While ‘theory and practice’ concerning in vitro propagation of medicinal plants are still
discussed, it is however a fact that protocols for the in vitro propagation of several MAP
species are readily available. With improvements in in vitro techniques, economically
feasible protocols are likely to be available soon. Certainly, in vitro propagation can
contribute to (ex situ) conservation of endangered species, but also to quality assurance, as
demonstrated.
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Chapter 7

Propagation of Elite Cannabis sativa L. for the
Production of A’-Tetrahydrocannabinol (THC)
using Biotechnological Tools

Suman Chandra, Hemant Lata, Ikhlas A. Khan and Mahmoud A.
ElSohly

Introduction

Originally indigenous to temperate regions of Asia, Cannabis sativa L. is now widely
distributed around the world. It grows in a variety of habitats ranging from sea level in
tropical areas to alpine foot hills of the Himalayas. Cannabis has a long history of
medicinal use in the Middle East and Asia, with references as far back as the 6th century
BC. This species was introduced in Western Europe as medicine in the early 19th century
to treat epilepsy, tetanus, rheumatism, migraine, asthma, trigeminal neuralgia, fatigue and
insomnia (Doyle and Spence, 1995; Zuardi, 2006). Cannabis sativa contains a unique class
of terpeno-phenolic compounds (cannabinoids or phytocannabinoids) which have been
extensively studied since the discovery of the chemical structure of tetrahydrocannabinol
(A°-THC) commonly known as THC, which is the main constituent responsible for the
psychoactive effects. The accumulation of THC is mainly found in glandular trichomes of
the plant (Hammond and Mahlberg, 1977). A total of 537 Cannabis constituents including
109 phytocannabinoids have been reported in Cannabis sativa (Slade and ElSohly, 2009).
The pharmacologic and therapeutic properties of preparations of Cannabis sativa L. and
THC have been reported and reviewed by many researchers (Grinspoon and Bakalar, 1993;
Mattes et al., 1994; Brenneisen et al., 1996). Beside A’-THC, other major cannabinoids of
Cannabis include Tetrahydrocannabivarin-THCV, Cannabidiol-CBD, Cannabichromene-
CBC, Cannabigerol-CBG and Cannabinol-CBN, the chemical structures of which are
shown in Fig. 7.1. A>-THC is another closely related isomer of A’~THC which is much less
abundant (thought to be an artifact) and less potent than A>~THC (Small and Marcus, 2003).

THC has a tremendous commercial value in the pharmaceutical area. Since C. sativa is
a natural source of THC, efforts to select Cannabis varieties with the highest possible level
of THC content are underway. However, due to the allogamous (cross fertilization) nature
of the species, it is very difficult to maintain the chemical profile of selected high THC
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producing genotypes, grown from seeds, under field conditions. Since this plant is also
used as an illicit drug and is highly regulated, its cultivation in open field must be done in
secured areas. For the large scale production of Cannabis, being it outdoors or indoors, it is
important to maintain genetic homogeneity of the cultivated plants. This is achieved by
selecting plant material with the desired chemical profile followed by propagation of these
plants either vegetatively or through micropropagation.

THCV CBD
OH
e
\ 0] CsH1q
CsH14
CBC THC
OH OH
AN AN S
HO CsHi1 7\0 CsHyq
CBG CBN

Fig. 7.1. Chemical structures of major phytocannabinoids in Cannabis sativa.
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Selection of Elite Chemotypes

Based on its chemical constituents and their biological effects, Cannabis is considered a
complex plant (ElSohly and Slade, 2005). Whether the genus Cannabis consists of one or
more species is a matter of divided opinion (Small and Cronquist, 1976; Emboden, 1981).
Using gas chromatography (GC), small differentiated indica strains from sativa strains
based on their THC content (Small, 1979). Small and Cronquist (1976) have favoured a
monospecific concept and assigned these two taxa to subspecies of C. sativa. Today, it is
widely accepted that Cannabis is a monospecific genus (Small et al. 1976). However, a
two-species concept of Cannabis is still advocated (Hillig and Mahlberg, 2004).

The analysis of the chemical profile of Cannabis using gas chromatography,
particularly the concentration of cannabinoids in the dried inflorescence (leaves and buds)
is considered to be the most objective measure to classify the plant according to
psychoactive potency. The concentration of the most abundant cannabinoids, THC and
CBD, in individual Cannabis parts can be characterized both quantitatively and
qualitatively (Mandolino et al. 2003). Qualitative characterization involves determining the
plant’s THC/CBD ratio and assigning it to a discrete chemical phenotype (chemotype).
Fetterman ef al. (1971) have divided Cannabis plants into two distinct phenotypes, namely
drug and fibre types. According to their classification, if THC/CBD ratio exceeded one,
plants were classified as ‘drug phenotype’ otherwise as ‘fibre phenotype’. Based on
THC/CBD ratio, Small and Beckstead (1973a,b) distinguished three phenotypes, i.e. drug
type (THC/CBD ratio>>1), intermediate type (THC/CBD ratio close to 1.0) and fibre type
(THC/CBD ratio <<1). A rare, additional chemotype, characterized by a very low content
of both THC and CBD and with CBG as the predominant constituent, was later identified
by Fournier et al., (1987). Cannabis can also be characterized quantitatively by measuring
the cannabinoids content within its tissues. These levels are likely determined by the
interaction of several genes and also influenced by the plant’s growth environment
(Hemphill ef al., 1980; de Meijer et al., 1992; Chandra et al., 2008, 2009a,b; Mendoza et
al., 2009). Numerous biotic and abiotic factors affect cannabinoid production including the
sex and maturity of the plant (Small et al., 1975), light cycle (Valle et al., 1978),
temperature (Bazzaz ef al., 1975; Chandra et al., 2008), fertilization (Bo'Csa et al., 1997)
and light intensity (Pate, 1994). Variations in cannabinoids content among different tissues
within a plant have been reported by Hemphill ez al. (1980).

Considering all these variations, an efficient method for qualitative and quantitative
determination of concentration of the major cannabinoids, namely A>~THC, THCV, CBD,
CBC, CBG and CBN was developed in our laboratory using gas chromatography—flame
ionization detection, GC-FID (Ross et al. 1995). Cannabis samples were dried at 40°C and
individually manicured by hand. Three 0.1 g samples were each extracted with 3 ml of
internal standard/extracting solution (100 mg of 4-androstene-3, 17-dione + 10 ml
chloroform + 90 ml methanol) at room temperature for 1h. The extracts were withdrawn
into disposable transfer pipettes through cotton plugs for filtration and transferred into GC
vials, which are then capped and placed on the auto sampler. One pl aliquots were injected.
Gas chromatography analyses were performed using a Varian CP-3380 gas chromatograph
equipped with a Varian CP-8400 automatic liquid sampler, a capillary injector and flame
ionization detector. The column was a 15 m X 0.25 mm DB-1, 0.25 p film (J&W Scientific,
Inc.). Data are recorded using a Dell Optiplex GX1 computer and Varian Star (version
6.41) workstation software. Helium is used as the carrier gas. An indicating moisture trap
and an indicating oxygen trap located in the helium line from upstream to downstream,
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respectively, were used. Helium was used as the ‘make-up’ gas at the detector. Hydrogen
and compressed air were used as the combustion gases. The instrument parameters used for
monitoring samples are: air: 30 psi (400 ml/min); hydrogen: 30 psi (30 ml/min); column
head pressure: 14 psi (1.0 ml/min); split flow rate: 50 ml/min; split ratio:50:1; septum
purge flow rate: 5 ml/min; make up gas pressure: 20 psi (20 ml/min); injector temp: 240°C;
detector temp: 260°C; initial oven temp: 170 °C; initial temperature hold time: 1 min;
temperature rate: 10°C/min; final oven temperature: 250 C and final temperature hold time:
3 min. The concentration of a specific cannabinoid is calculated as follows:

GCarea(cannabinoid) o volume(ISTD) o«
GCarea(ISTD) amount(sample)

100

cannabinoid% =

Currently, this method is being used by our group to analyse the confiscated marijuana
samples submitted by the US Drug Enforcement Agency (DEA) and other US enforcement
agencies under National Institute on Drug Abuse (NIDA) marijuana project, Potency
monitoring programme at the University of Mississippi (ElSohly et al., 2000; Mehmedic et
al. 2009). A typical chromatogram of a screened and selected drug type Cannabis sativa
clone is shown in Fig. 7.2.

Conventional Propagation

Once based upon gas chromatographic profile, the high THC yielding clone is screened and
selected, a fresh nodal segment about 6—10 cm in length containing at least two nodes from
the mother plant can be used for vegetative/conventional propagation. In our laboratory, we
have developed simple and efficient vegetative propagation protocols for Cannabis sativa
using solid (soil) and liquid medium (hydroponics).

Vegetative Propagation in Soil

Vegetative mass propagation of selected high yielding clones and their field plantation is
shown in Figs 7.3B and 7.3E. Using a sterile tissue culture blade, a soft apical branch is cut
at a 45° angle just below the node and dipped immediately in distilled water to avoid
formation of any air bubble in the stem which might block fluid uptake later. About 2 cm
of the base of the cuttings is dipped in green light rooting hormone (distributed by Green
Light Co., San Antonio, TX, USA) for better rooting. Cuttings are placed in 2-inch jiffy
pots containing coco natural growth medium and sterile potting mix fertilome, marketed by
Canna Continental, Los Angeles, CA, USA) mixed in 1:1 ratio. At least one node is dipped
in the soil for efficient rooting. Plants are irrigated regularly and kept under controlled
environmental conditions (25 £ 3°C temperature and 55 = 5% RH) in an indoor growing
facility. Initially, the cuttings are kept under uniform flourescent light to avoid heating
stress from regular grow lights. Rooting is initiated in 2-3 weeks, most of the cutting-raised
plants are kept in jiffy pots for 6weeks and then transferred to bigger pots for better
vegetative growth. Indoor light (~ 700 + 24 umol/m?s at plant canopy level measured by
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LI-COR quantum meter, model LI-189) is then provided with seven full spectrum 1000
watts HID (high intensity discharge) lamps in combination with seven 1000 watt high
pressure sodium bulbs (Sun Systems, CA), hung above plants covering 350 square foot
area. A hot air suction fan is attached to each bulb assembly and about 3 to 4 feet distance
between plants and bulb is maintained to avoid heating due to HID bulbs. These cuttings
can be maintained in a constant vegetative stage under 18 or more light hours.

0.0 "
' 25 0 n.5
Minutes
Peak Peak Name Yo Wiw Ret Time Status Peak Area Sep. Width 1/2
No Time Offset Codes (counts) Code (sec)
(min) (min)
THCV 0.0682 7242 -0.016 5727 BB 1.8
2 CBC 0.3048 8229 -0.018 25576 BB 1.9
3 DELTA-9-THC 10.4462 8.988 0.077 876646 BB 37
4 CBG 0.2844 9.422 0.016 23866 BV 2.1
5 CBN 0.1354 9.512 0.027 11366 VB 2.0
6 LS Int Std 9.844  -0.045 s 251760 BB 3.4

Injection Notes:

Fig. 7.2. A representative chromatogram of a screened and selected high THC yielding
clone of Cannabis sativa using gas chromatography—flame ionization detection (GC-FID).
The amount of cannabidiol (CBD) in this clone was found to be insignificant (<0.10%, R;
~8.16, appearing just before the CBC peak and not integrated).
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Vegetative propagation in Hydroponics

Vegetative propagation of high yielding Cannabis sativa clones using a hydroponic system
is shown in Figs 7.3C and 7.3D. Similar to propagation in soil, a small branch consisting of
a growing tip with two or three leaves is cut. This clipping is then allowed to stand in water
as the next clipping is cut. The procedure is repeated until the required number of clippings
has been taken. A fresh cut is then made on each cutting just above the first cut. The
clippings are then dipped in a rooting compound and inserted 1 inch deep into the rockwool
rooting cube or in hydrotone clay ball supporting medium. Plants were supplied with
vegetative fertilizer formula supplied by Advance nutrient (Abbotsford, BC, Canada).
Plants were exposed to 18 h of diffused light and 6 h dark cycle for their vegetative growth
in the hydroponic environment. The formation of roots started in 2—3 weeks. Once the
roots are big enough plants can be transplanted into a bigger hydroponic system for further
growth.

Micropropagation of High THC Yielding Cannabis sativa:
Direct Organogenesis

Direct organogenesis is regarded as the most reliable method for clonal propagation as it
upholds genetic uniformity among the progenies. In our laboratory, our goal in general is to
develop a secure and stable in vitro clonal repository of elite Cannabis germplasm that will
ensure future availability of desirable pharmacologically active chemotypes of Cannabis
sativa. Thus, the first objective of our study was to develop a tissue culture system that will
allow large scale clonal production of screened and selected high yielding elite clones
without somaclonal variations. Although, few reports have been published describing the
regeneration protocols developed for different Cannabis genotypes and explant sources
(Mandolino and Ranalli, 1999; Slusarkiewicz-Jarzina et al., 2005; Bing et al., 2007),
considerable variation has been reported in the response of cultures and in the morphogenic
pathway. Production of roots through Cannabis calluses was reported by Fisse et al.
(1981). However, these cultures were reported to be unreceptive to shoot formation.
Occasional shoot regeneration from calluses was reported by Mandolino and Ranalli
(1999), whereas Feeney and Punja (2003) failed to regenerate hemp plantlets, either
directly or indirectly from callus or suspension cultures.

In our laboratory, we have refined a Cannabis in vitro propagation protocol for the
micropropagation of high THC yielding elite clones for field plantation. This procedure
will be a useful tool for multiplication and maintenance of high yielding elite plants, saving
space and time in the selection programme. Apical nodal segments containing axillary buds
(~1 cm in length) were used as an explant for initiation of shoot cultures. Explants were
obtained from healthy branches of a screened and selected high yielding Cannabis sativa
clone grown in an indoor cultivation facility housed at Coy-Waller laboratory, University
of Mississippi. Explants were surface disinfected using 0.5% NaOCI (15% v/v bleach) and
0.1% Tween 20 for 20 min. The explants were washed in sterile distilled water three times
for 5 min prior to inoculation on the culture medium. Micropropagation and hardening of
micropropagated plants was done following the protocol described by Lata ef al. (2009a).
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Fig. 7.3. A: Micropropagated and well rooted plant of Cannabis sativa; B: Indoor grown
vegetatively propagated crop of Cannabis sativa in soil, under controlled environmental
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conditions; C and D: Hydroponic propagation; E: Field plantation of vegetatively propagated
crop propagated from screened and selected high yielding mother plant.

Thidiazuron (TDZ), a synthetic phenylurea, is considered to be one of the most active
cytokinins for shoot induction in plant tissue culture (Huetteman and Preece, 1993).
Reports suggest that TDZ induces shoot regeneration better than other cytokinins (Thomas,
2003; Thomas and Puthur, 2004; Husain ef al., 2007). Optimum concentrations of growth
regulators for the best effects on multiplication, shoot proliferation and root induction are
shown in Table 7.1.

Best response for shoot induction was observed on Murashige and Skoog (MS) medium
containing 0.5 pM TDZ in this species. Well developed shoots were then transferred to half
strength MS medium activated charcoal supplemented by different concentrations of IAA,
IBA and NAA for rooting. The highest percentage of rooting in micropropagated plants
was achieved in half strength Murashige and Skoog (1/2 MS) salts with 500 mg/1 activated
charcoal supplemented with 2.5 puM indole-3-butyric acid (IBA). A well rooted
micropropagated plant of Cannabis sativa is shown in Fig. 7.3A.

Since the preservation of genetic stability in germplasm collections and
micropropagation of elite plants is of utmost importance, the propagation of C. sativa
through nodal explants as compared to calluses would allow recovery of genetically stable
and true to type progeny plants. The mass multiplication of high yielding varieties of C.
sativa is feasible for field plantings to produce plants rich in specific cannabinoids for use
as pharmaceutical raw materials.

Synthetic Seed Technology

Synthetic seed technology can be considered an important application of micropropagation
that could be used for economical large-scale clonal propagation and germplasm
conservation of the screened and selected elite germplasm of C. sativa. To further improve
and refine the established protocol, the authors in our laboratory have reported a simple and
efficient method for in vitro propagation of screened and selected high yielding varieties of
C. sativa using synthetic seed technology (Lata ef al., 2009b).

Axillary buds of Cannabis sativa isolated from aseptic multiple shoot cultures were
successfully encapsulated in calcium alginate beads. The best gel complexation was
achieved using 5% sodium alginate with 50 mM CaCl,.2H,0.

Regrowth and conversion after encapsulation was evaluated both under in vitro and in
vivo conditions on different planting substrates. The addition of antimicrobial substance
(Plant Preservative Mixture (PPM)) had a positive effect on overall plantlet development.
Encapsulated explants exhibited the best regrowth and conversion frequency on MS
medium supplemented with TDZ (0.5 uM) and PPM (0.075%) under in vitro conditions.
Under in vivo conditions, 100% conversion of encapsulated explants was obtained on 1:1
potting mix of fertilome with coco natural growth medium, moistened with full strength
MS medium without TDZ, supplemented with 3% sucrose and 0.5% PPM. Plantlets
regenerated from the encapsulated explants were hardened off and successfully transferred
to the soil.
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Table 7.1. Concentrations of growth regulators for the best response on multiplication and
shoot proliferation, and root induction of Cannabis sativa.

Growth Optimum concentration Average Average % explants
regulators (uM) number  length producing
(cm)

Shoot multiplication and proliferation

Shoots
BA 0.5 3.00% 3.0 72.20
25 520 280%® 72.20
5.0 6.30° 3.40 °* 61.10
KN 0.5 260%"  250° 77.70
25 560> 350 83.30
5.0 220% 280% 50.00
TDZ 0.5 12.60% 7.10° 100.00
25 11.10°  6.10° 94.40
5.0 5.80° 3.20 %% 83.30
BA + GA; 0.5+7.0 320f 2.50° 50.00
25+7.0 360°  350¢ 66.60
50+7.0 450%"  360° 33.30
Kn + GA; 0.5+7.0 320f 2.60° 44.40
25+7.0 5.50¢ 2.10° 66.60
50+7.0 480% 250° 55.50
TDZ + GA, 05+7.0 13.80% 7.90° 83.30
25+7.0 11.20° 7.00° 94.40
50+7.0 7.30° 5.00 ° 77.70
Root Induction
Roots
IAA* 25 1.25° 1.40° 33.30
5.0 1.60° 1.30° 44.40
IBA* 25 4.80° 4.80° 94.40
5.0 3.80° 470° 83.30
NAA* 25 2.20° 2.30° 55.50
5.0 2.30° 2.40° 44.40

Data represent the mean of three replicates with six explants for each treatment. Means
followed by the same letter do not differ statistically at P= 0.05 according the Tukey test.
*Medium used is half strength Murashige and Skoog (1/2 MS) salts supplemented with 500
mg/l activated charcoal.

From Lata, H. et al. Thidiazuron-induced high-frequency direct shoot organogenesis of
Cannabis sativa L. Reproduced with permission from In vitro Cellular and Developmental
Biology — Plant, 2009, Vol. 45, pp. 12-19. Copyright © 2009 by the Society for In vitro
Biology, formerly the Tissue Culture Association.
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Synthetic seed technology, one of the most promising biotechnological tools, would
allow production of mass propagation material in the form of a synthetic seed possessing
the ability of regrowth and rooting and developing into plantlet for in vitro and ex vitro
usage. This technique has a tremendous potential in scaling up the micropropagation
procedure while at the same time economizing upon time, space and cost (Mathur ef al.,
1989; Bornman, 1993). Synthetic seeds production and plantlet regeneration have been
reported for various types of plants including cereals, vegetables, fruits, ornamentals,
aromatic grass and conifers (Ganapathi et al., 2001; Brischia et al., 2002; Hao and Deng,
2003). However, in most cases somatic embryos were used in the encapsulation process.
Few reporters (Mathur et al., 1989; Pattnaik and Chand, 2000) described the encapsulation
of vegetative propagules such as axillary buds or shoot tips which could be used for mass
clonal propagation as well as in long-term conservation of germplasm. The inclusion of
antimicrobial substances in the planting substrate would allow possible future sowing of
synthetic seeds in greenhouse (ex vifro), without sterility requirements. Conversion of
encapsulated nodal segments into plantlets in extremely simplified medium such as 1:1
potting mix- fertilome with coco natural growth medium indicates that this method could
be used in developing a cost effective propagation protocol for the mass propagation of
elite varieties of C. sativa. Other than assuring a high degree of genetic uniformity and
stability, the use of vegetative propagules minimizes the occurrence of somaclonal
variations.

Indirect Organogenesis

The regeneration of plants by in vitro cell and tissue culture is a fundamental step for the
genetic manipulation and improvement of crops (Vasil and Vasil, 1986). The callus
mediated plant regeneration can provide an easy way to obtain somaclonal variation as has
been emphasized in several plants (Lata ef al. 2002; Faisal and Anis, 2005). Thus, indirect
organogenesis could be exploited in Cannabis sativa for the induction of somaclonal
variation. Introduction of valuable variation induced by callus cultures and subsequent
regeneration may help in programmes designed to improve characteristics of the crop.
These variants could be further screened for the desirable traits. The authors in our
laboratory have developed a high frequency plant regeneration system from leaf tissue
derived callus of a high yielding variety of C. sativa (Lata et al., 2010). Calli were
introduced from leaf explant on Murashige and Skoog medium supplemented with different
concentrations (0.5, 1.0, 1.5 and 2.0 uM) of indole-3-acetic acid (IAA), indole-3-butyric
acid (IBA), naphthalene acetic acid (NAA) and dichlorophenoxyacetic acid (2,4-D) in
combination with 1.0 uM thidiazuron (TDZ) for the production of callus. The optimum
callus growth and maintenance was in 0.5 uM NAA plus 1.0 uM TDZ. The 2-month old
calli were subcultured to MS media containing different concentrations of cytokinins
(BAP, KN, TDZ). The rate of shoot induction and proliferation was highest in 0.5 uM
TDZ. Regenerated shoots rooted best on half strength MS medium supplemented with 2.5
uM IBA of the various auxins (IAA, IBA and NAA) tested. Further screening of the
somaclonal variants of C. sativa is in progress.
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Assessment of Stability of Micropropagated Plants of Cannabis sativa

The occurrence of physiological and genetic variation is a matter of great concern where
commercial success in micropropagation depends solely on clonal uniformity. Therefore, it
is extremely important to ascertain the suitability of a particular micropropagation protocol
developed for a particular species, in terms of the production of qualitatively and
quantitatively identical plants. Clonal fidelity of micropropagated Cannabis sativa plants in
our laboratory was tested by comparing them with mother plants and conventionally
propagated plants from the same mother plant, for genetic stability using inter sample
sequence repeat (ISSR) marker, for its cannabinoids contents using GC-FID and for growth
and physiological traits using gas and water vapour characteristics.

Genetic Stability

True-to-type clonal fidelity is one of the most important prerequisites in the
micropropagation of any crop species. To use plant tissue culture as a tool for commercial
utilization, periodic monitoring of the degree of genetic stability among in vitro grown
plants is of utmost importance. Particularly, the maintenance of clonal fidelity is an
important issue in developing a secure and stable in vitro clonal repository of elite C. sativa
germplasm.

We have successfully assessed the genetic stability of the micropropagated plants with
over 30 passages in culture and hardened in soil for 8 months, using ISSR DNA
fingerprinting (Lata ef al, 2009c). Inter simple sequence repeat profiles of
micropropagated and hardened plantlets were compared with the mother plant grown
indoors under similar environmental conditions. A total of 15 ISSR primers resulted in 115
distinct and reproducible bands. All the ISSR profiles from micropropagated plants were
monomorphic and comparable to mother plants. Furthermore, no variation was detected
within the micropropagated plants. Our results suggest that the micropropagation protocol
developed by us for the rapid in vitro multiplication is appropriate and applicable for clonal
mass propagation of C. sativa. A similar approach to test the genetic stability in other
plants has been reported by Modgil et al. (2005), Lakshmanan et al. (2007), Chandrika and
Rai (2009) and Huang et al. (2009). This type of study is of high significance if plants are
being propagated for the production and isolation of biologically active secondary
metabolites for pharmaceutical use.

Stability of Cannabinoid Profile: Qualitatively and Quantitatively

In general, a problem that has been observed with the plants produced via in vitro
propagation regimes is a high rate of somatic mutation (Rani et al., 1995; Damasco et
al.,1996; Wang et al., 2000; Salvi ef al., 2001). Because the major goal of our research was
to develop an efficient in vitro propagation method for the mass production of high
yielding Cannabis plants as a consistent source of biomass for the extraction of THC, we
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wanted to be certain that the method did not introduce mutations that could lead to
alterations in metabolism. To evaluate whether such mutation occurred, we used gas
chromatography—flame ionization detection (GC-FID) to assess the chemical profile and
quantification of cannabinoids to identify the differences, if any, in the chemical
constituents of in vitro propagated plants (IVP), conventionally grown plants (VP) and
indoor grown mother plant (MP-Indoor) of a high THC yielding variety of Cannabis sativa
L. during different developmental stages of growth. In general, THC content in all groups
increased with plant age up to a highest level during budding stage where the THC content
reached a plateau before the onset of senescence. The pattern of changes observed in the
concentration of other cannabinoids content with plant age has followed a similar trend in
all groups of plants. Qualitatively, the cannabinoid profiles obtained using GC-FID, in MP-
indoor, VP and IVP plants were found to be similar to each other and to that of the field
grown mother plant (MP field) of C. sativa. Minor differences were observed in
cannabinoid concentration within and among the groups which were not statistically
significant (Lata et al., 2009¢; Chandra et al., 2009b).

Our results confirm the clonal fidelity of IVP plants of C. sativa and suggest that the
biochemical mechanism used in this study to produce the micropropagated plants does not
affect the metabolic content and can be used for mass propagation of true to type plants of
this species for commercial pharmaceutical use. The study also serves as a tool for quality
control of the micropropagated crop of this variety of Cannabis sativa and is of high value,
since these plants are selected as high yielding elite clones for the production of THC for
pharmaceutical use. Working on in vifro micropropagated and conventionally greenhouse
grown ginger (Zingiber officinale) and turmeric (Curcuma longa) plants, Ma and Gang
(2006a, b) also reported no significant differences in useful secondary metabolite content
between both types of plants.

Physiological Stability: Gas and water vapour exchange

Plant survival, growth and productivity are intimately coupled with the aerial environment
through processes such as energy exchange, loss of water vapour in transpiration and
uptake of carbon dioxide in photosynthesis (Stoutjesdijk and Barkman, 1992). The water
vapour exchange rate affects the energy budget and transpiration of leaves and
consequently the physiology of the whole plant (Chandra and Dhyani, 1997; Chandra,
2004). Therefore, data on physiological parameters such as gas and water vapour exchange
are likely to provide valuable information regarding the suitability of tissue culture raised
plants for field plantation.

We have evaluated the performance of in vitro propagated and hardened plants, on the
basis of selected physiological parameters, in comparison to those of ex vitro vegetatively
grown plants from the same mother plant of the same age. The effects of different light
intensities on photosynthesis and water vapour exchange characteristics have also been
examined. Following acclimatization of the micropropagated plants, growth performance
of 4-months-old in vitro propagated plants was compared with ex vitro vegetatively grown
plants of the same age. The photosynthesis and transpiration characteristics were studied
under different light levels (0, 500, 1000, 1500, or 2000 pmol/mz/s). An increase in
photosynthesis (Py) was observed with increase in the light intensity up to 1500 pmol/m*/s
and then decreased subsequently at higher light levels in both types of plants. However, the
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increase was more pronounced at lower light intensities below 500 pmol/m?/s. Stomatal
conductance (g;) and transpiration (F) increased with light intensity up to the highest level
tested (2000 pmol/m?/s). Intercellular CO, concentration (C;) and the ratio of intercellular
CO, concentration to ambient CO, (Cy/C,) decreased with the increase in light intensity in
both in vitro as well as ex vitro raised plants. The results show that in vitro propagated and
hardened plants were functionally comparable to ex vitro plants of the same age in terms of
gas and water vapour exchange characteristics (Lata et al.,
2009a). In a similar study, Bag et al. (2000) reported comparable photosynthetic
characteristics and growth in seed raised and micropropagated plants of Thamnocalamus
spathiflorus, a temperate bamboo from Central Himalayas.

Conclusion

The Cannabis plant has acquired much interest over the last few years, not only because of
the problems associated with its abuse, but also because of the therapeutic potential of
many of its compounds. In this chapter, an attempt has been made to elucidate the role of
biotechnology and our efforts to screen and propagate high THC yielding elite Cannabis
sativa for the production of A>-THC. Since it is very important to have consistency in plant
material used for the production of any natural product of pharmaceutical interest, plants
raised through micropropagation were compared with mother plants and vegetatively
propagated plants from the same mother plant in terms of their genetic stability,
cannabinoid profile and physiological traits, i.e. gas and water vapour characteristics. Our
results confirm that plants raised through micropropagation were highly comparable to the
mother plant and the vegetatively propagated plants, and therefore the micropropagation
protocol followed can be used for the mass propagation of true to type plants of this species
for the commercial production of natural constituents for pharmaceutical use.
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Chapter 8

In vitro Saponin Production in Plant Cell and
Tissue Cultures

Archana Mathur and Ajay K. Mathur

Introduction

Phytosaponins are a group of plant secondary metabolites with a diverse range of biological
activities. Major problems associated with agri-based production of plant saponins have
been their low productivity in planta, exclusive occurrence in only a few angiospermous
families and in general the extremely slow growing nature of the taxa that harbour them.
Poor understanding of their chemistry (biogenesis, extraction, processing and
identification) and complex chirality, further narrow down the option of their industrial
production through an economically viable chemical route. Clearly, there are only two
options to address this issue: (i) to improve in planta yields of desired saponin by
producing designer crops; or (ii) to explore the possibility of using cultured plant cells and
tissues as a continuous renewable resource for their commercial production in bioreactors
(Verpoorte et al. 2002; Horn et al. 2004). Modern tools of plant biotechnology are,
therefore, being extensively explored to test these options.

Employment of cell culture approaches to produce plant saponins has received a lot of
momentum in the last two decades because of a host of biological activities that have now
been ascribed to them (Ustundag and Mazza, 2007). Most of these in vitro production
systems have employed cell suspensions or transformed hairy roots (Hayashi et al., 2005;
Guillon ef al., 2006; Thanh et al., 2006; Chapagain ef al., 2008; Xu et al., 2008). Cells or
tissues in liquid medium predominantly provide uniform conditions for growth and
metabolite synthesis, rapid biomass gain, better amenability for precursor feeding,
biotic/abiotic elicitation, higher feasibility for bioreactor scaling up and easy
extraction/downstream processing. This chapter summarizes the salient developments made
in the area of in vitro phytosaponin production using the cell/tissue culture approach, taking
Panax ginsenosides as a successful case study.

What are saponins?

The word ‘saponin’ has been derived from the soapwort plant (Genus Saponaria, Family
Caryophyllaceae), the root of which was used historically as a soap. Saponins are a class of
complex glycosides mainly found in a variety of higher plants as secondary metabolites
(Ustundag and Mazza, 2007). Saponins are amphiphilic molecules consisting of a
hydrophobic aglycone linked to one or more hydrophilic sugar moieties. The presence of
saponins has been frequently documented in more than 100 plant families (Table 8.1).

©CAB International 2010. Medicinal Plant Biotechnology 115
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Broadly, the monocotyledonous taxa are a rich source of steroidal saponins whereas
dicotyledonous taxa are major accumulators of triterpene saponins. Plants such as soybean,
chickpea, mungbean, lentils, oats, garlic, Asiatic pennywort, asparagus, bacopa, yams,
licorice, yucca, ginseng, soap-bark tree, foxglove, psoralea, fenugreek etc. are the major
sources of phytosaponins for industrial usages (Oleszek and Marston, 2000; Ustundag and
Mazza, 2007).

These compounds are basically classified into three groups depending on the structure
of the aglycone moiety which can be a triterpenoid, a steroid or a steroidal glycoalkaloid.
They are further classified as monodesmosidic, bidesmosidic or tridesmosidic according to
the number of sugar moieties attached to the aglycone. The sugar moiety is linked to the
aglycone through an ether or ester glycosidic linkage. The triterpenoid backbone undergoes
various modifications (oxidation, substitution and glycosylation), mediated by cytochrome
P450 dependent monooxygenases, glycosyltransferases and other enzymes (Haralampidis
et al., 2002). Squalene synthase (SQS) and squalene epoxidase (SQE) are key enzymes of
saponin synthesis in plants (Osbourn et al., 1997). Saponins have historically been
understood to be plant-derived, but they have also been isolated from several marine
organisms. Saponins have been found to possess a wide range of biological activities (Table
8.1).

Chemical extraction and purification of phytosaponin is still a challenge to plant
chemists due to their structural complexity, strong polar amphiphilic nature, lack of
chromophore, low concentration in plants and non-availability of marker standards for
quantitative and qualitative profiling (Marston ef al. 2000; Ustundag and Mazza, 2007).

For plants, saponins mainly serve as anti-feedants, and anti-microbial. Some plant
saponins (e.g. from oat and spinach) may enhance nutrient absorption and thus aid in
animal digestion. However, saponins are usually bitter in taste, and thus have low
palatability in livestock feeds, or may even cause life-threatening toxicity. Antifungal,
antibacterial, insecticidal, antihelminthic, molluscicidal, piscicidal, anticancerous,
immunomodulatory, hypolipidaemic actions of saponins are well documented in literature
(Ustundag and Mazza, 2007).

Production of Plant Saponins by In vitro Cultures

Studies concerning the in vitro production of plant saponins in cultured cells, tissues and
organs are summarized in Table 8.2. The majority of these represent the optimization of
cell types and culture conditions for their sustained production (Liu and Zhong, 1997;
Gangwar, 2003; Hayashi et al., 2005; Thanh et al., 2006; Chapagain et al., 2008; Xu et al.,
2008). Some of the experimental strategies employed for improved saponin production in
cell, tissue and organ cultures are highlighted in succeeding sections. References have been
frequently drawn from the work carried out on Panax species (including the work done in
the author’s own laboratory) that represent the most comprehensively studied system in this
field of research.

Ginseng — The green gold crop for phytosaponins
Ginseng (Panax) species are the primary non-food sources of phytosaponins used in health-

care systems (Hostettmann and Marston, 1995; Balandrin, 1996). Interest in the use of
ginseng as a health food comes from the strong adaptogenic and anti-aging activities
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(Schultz et al., 1998; Attele et al., 1999; Varshney et al., 2001). These ‘health tonic’
activities are believed to improve the body’s tolerance to stress, resulting in better physical
and mental performance (Schultz et al., 1998; Nocerino et al., 2000; Johannsen, 2006).
Ginsengs are slow growing perennial herbs of the family Araliaceae. The four major Panax
species that are in commercial use comprise P. ginseng (Korean ginseng), P. quinquefolium
(American ginseng), P. japonicus (Japanese ginseng) and P. notoginseng (Chinese
ginseng). Recently, an Indian species of Panax, P. sikkimensis has also been included in
this list based on its chemotypic and genotypic profiles (Mathur et al., 2002b, 2003a,b).
The plant is valued for its storage roots, which are the source of a group of triterpene
saponins, collectively called as ‘ginsenosides’ (Proctor and Bailey, 1987; Dewick, 1997;
Huang, 1999; Haughton, 1999; Ngan ef al., 1999; Liang and Zhao, 2008). Chemically, the
ginsenosides are glycosylated derivatives of two aglycones: panaxadiol and panaxatriol
(Bruneton, 1995; Dewick, 1997). More than 40 ginsenosides have been identified in
ginseng roots/flower buds/leaves (Dou ef al., 2001; Park, 1.J. et al., 2002; Park, L.H. et al.,
2002; Yoshikawa et al., 2007).

Amongst these, Rb and Rg groups of ginsenosides namely Rb1, Rb2, Re, Rd, Re, Rf,
Rgl and Rg2 are considered to be most potent CNS-stimulant (WHO, 1999; Liang and
Zhao, 2008). Relative occurrence of these different ginsenosides is genotype, plant age and
sesason dependent (Li and Mazza, 1999; Varshney ef al., 2001; Schlag and MclIntosh,
2006).

Ginseng species normally need nutrient enriched soils for their growth and hence, the
chemoprofiles of plant roots also vary with the nutritional status of the soil in which they
grow (Li and Mazza, 1999). Agriculture-based production of ginseng roots is expensive and
difficult due to prolonged seed dormancy phase of 18—22 months, coupled with an extended
juvenile vegetative growth phase of 5-7 years for ginsenoside accumulation. Presently,
ginseng roots (powder as well as extracts) are consumed throughout the world with an
estimated market size of US$3.5 billion (Hong ez al., 2006). The market demand of ginseng
roots is likely to expand further as more pharmacological activities like anti-cancer, anti-
diabetic, radioprotection, anti-oxidant, anti-fatigue etc. have been elucidated recently
(Furuya and Ushiyama, 1994; Sticher, 1998; Huang, 1999; Attele ef al., 1999; Shibata,
2001). Therefore, biotechnological interventions to generate ginseng root biomass and/or in
vitro culture-based production systems for ginsenosides have been extensively explored at
the levels of callus (Furuya et al., 1983a; Furuya, 1988; Odnevall et al., 1989; Mathur et
al., 1994, 1999, 2000, 2003 a,b; Gangwar, 2003), cell suspensions (Mathur et al., 1994;
Zhong and Yue, 2005; Thanh ef al., 2005, 2006) and adventitious/transformed hairy root
cultures (Yoshikawa and Furuya, 1987; Inomata ef al., 1993; Washida et al., 1998; Choi et
al, 2000; Yu et al., 2000; Mallol et al., 2001; Kim, Y.S. et al., 2004; Palazon et al.,
2003a,b; Woo et al., 2004; Ali et al., 2005; Sivakumar et al., 2005; Mathur et al., 2010b).
These studies are summarized in Table 8.3 and Table 8.4.

Factors affecting saponin production in vitro

Secondary metabolism in cultured cells and tissues is a dynamic process. The net
accumulation of desired metabolites represents an equilibrium between its biogenesis,
storage and degradation within the cellular compartments or specialized tissues (Rao,
2000).
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Table 8.1. List of some saponin-yielding plants and biological activities of their active constituents.

Plant species Family Plant part Active constituents Biological activity
used
Acacia auriculiformis Fabaceae Fruit Acaciaside (A,B) Sperm immobilizing activity
Aesculus hippocastanum Sapindaceae Seeds Escins Anti-inflammatory, antioedema, venotonic
Allium cepa Liliaceae Bulb Alliospirosides (A,B,C,D) Tonic, stimulant, stomachic, expectorant,
aphrodisiac, diuretic
Allium sativum Liliaceae Bulb Allin, Allinase, Sativoside R2 Hypocholesterolaemic, hypolipaedemic
Anagallis arvensis Primulaceae Root, aerial Anagallisins, anagallogenin, Antiviral, antifungal, expectorant,
parts cyclamin vulnerary
Aralia elata Araliaceae Root bark Aralia saponins Tonic, anti-arthritic, hypoglycemic,
hepatoprotective
Asparagus officinalis Liliaceae Tuberous Saponin (As-1) Antifunal, antioxytocic, galactagogue,
root demulcent, aphrodisiac
Bacopa monnieri Scrophulariaceae | Whole plant Bacoside (A,B), Bacosaponin Nerve tonic, cardiotonic, diuretic
(A,B,C,D)
Bupleurum falcuactum Apiaceae Root Saikosapnoin (triterpenoid Anti-allergic, analgesic, anti-inflammatory
saponins)
Camellia chinensis Theaceae Leaves Caffeine, polyphenols Antioxidant, anti-inflammatory
Centella asiatica Apiaceae Whole plant | Asiaticosides (A,B) Psychotropic, for skin diseases
Chlorophytum borivilianum | Liliaceae Root Saponin, Sapogenin, Nerve tonic, aphrodisiac
(hecogenin)
Daucus carota Apiaceae Seeds, root Diosgenin (steroidal saponins) | Diuretic, deobsturent, cardiac stimulant
Digitalis purpurea Scrophulariaceae | Leaves Digitoxigenin, digoxin, Cardiotonic
digoxigenin
Glycine max Fabaceae Seeds Soysaponins Antioxidant, anticarcinogenic,
hepatoprotective, hypocholesterolaemic
Glycyrrhiza glabra Fabaceae Roots Glycyrrhizin, glycyrrhizic acid Expectorant, demulcent, spermicidal,
laxative
Panax species Araliaceae Root Ginsenosides (triterpene Immunomodulatory, adaptogenic, CNS
glycosides) stimulant
Terminalia bellerica Combretaceae Stem, bark Bellericoside Cardiotonic
Yucca species Agavaceae Leaves Steroidal sapogenins Precursor of oral contraceptive, sex

hormones and other useful steroids
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tosaponin production in cell, tissue and organ cultures.*

Plant species Culture | Saponin biosynthesized in Reference(s)
type vitro
Agastache rugosa C,Cs Rosmarinic acid Xu et al., 2008
Akebia quinata C Nortriterpenoid saponins Ikuta and
Itokawa, 1989
A. trifoliata C Trifosides A,C, mubenoside Ikuta, 1995
Astragalus HR Triglycosidic triterpene, Zhou et al., 1995
membranaceous astragalosides
Balanites aegyptiaca | C Saponins Chapagain et al.,
2008
Bupleurum falcatum | AR Saikosaponins Yamamoto and
Kamura, 1997
Centella asiatica WP, C, Asiaticoside, Madecassoside Kim, O.T. et al.,
SH 2004a; Aziz et al.,
2007; Yadav et al.,
2007
Cistanche desrticola | CS Phenylethanoidglycosides Liu and Cheng, 2008
Gypsophilla C, SH, Gypsogenin-3,0-glucuronide, Hanafy and Setta,
paniculata AR, SC | Triterpene saponin 2007; Fulcheri et al.,
1998; Pauthe-Dayde
et al., 1990
Glycyrrhiza glabra CS, HR | Betulinic acid, B-glycyrrhetinic Hayashi et al., 1992,
HR acid, glycyrrhizin, glycyrrhizic 2005; Kovalenko
acid and triterpene saponin and Maliuta, 2003;
Mehrotra et al.,
2008; Tenea et al.,
2008
G. uralensis HR Glycyrrhizin Kovalenko and
Maliuta, 2003
Gymnema sylvestre | C, CS Gymnemic acid, gymnemagenin | Gopi and Vatsala,
2006
Gynostemma HR Gypenosides Chang et al., 2005
pentaphyllum
Ruscus aculeatus ARS Ruscogenin, neuruscogenin Palazon et al., 2006
Saponaria officinalis | CS Triterpene saponin Fulcheri et al., 1998
Solanum HR Steroidal saponins Ikenaga et al., 1995
aculeatissimum (aculeatiside A,B)
S. eleagnifolium CS Solasodine Nigra et al., 1990
S. khasianum HR Solasodine Jacob and
Malpathak, 2005
S. paludosum SH Solamargine Badaoui et al., 1996
Trigonella foenum- C Steroidal sapogenins Jain and Agrawal,
graecum 1994
Uncaria tomentosa CS Ursolic and oleanolic acid Isvett et al., 2002

*Studies carried out in Panax species are separately given in Tables 8.3 and 8.4.
AR, Adventitious roots; ARS, Aerial shoots; C, Callus; CS, cell suspension; HR, Hairy roots;
SH, Multiple shoots; WP, Whole plantlets
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Table 8.3. Studies concerning in vitro saponin production in Panax species.

Panax species | Culture Medium used Saponin produced in vitro References
type (d. wt. unless specified)
Panax C INP Panaxacol and dihydropanaxacol Fujimoto et al., 1990
ginseng
C MS + 4.5uM 2,4-D + 0.5 yM Kn Ginsenosides (1.46 mg/g) Asaka et al., 1994
SE MS + 4.65 uM Kn + 8% sucrose Ginsenosides (7.21 mg/g) Asaka et al., 1994
ASRP MS basal medium Ginsenosides (21.35 mg/g) Asaka et al., 1994
ASL MS basal medium Ginsenosides (18.78 mg/g) Asaka et al., 1994
SRP MS basal medium Ginsenosides (2.96 mg/g) Asaka et al., 1994
SSL MS basal medium Ginsenosides (2.27 mg/g) Asaka et al., 1994
C MS + 5 uM 2,4D + 0.5 pM Kn + 60 Ginsenosides (15.4 mg/l/d), poly- Liu and Zhong, 1996
mM K* saccharides (21.0 mg/l/d)
CS MS +5uM 2,4-D + 0.5 pypM Kn + 60 | Ginsenosides (230 mg/l), Liu and Zhong, 1997
mM total initial nitrogen with polysaccharides (1190 mg/l)
NO3/NH," ratio of 2:1
CS INP Saponins production Hu et al., 2003a,b; Thanh et
al., 2006; Lu et al., 2001
CS MS + 4.5 uM 2,4-D + 0.3% YE + Ginsenosides (1.61%) Lu et al., 2001
0.05% CH
MS + 0.05% CH + Ginsenosides (2.08%) Lu et al., 2001
500 yM MJ
AR SH medium + 0.15% gelrite + 24.6 Ginsenosides (1% d. wt.) with >60 Choi et al., 2000; Kim, J.S.et
UM IBA with or without MJ and mg/l Rb and Rg content al., 2005; Yu et al., 2005; Ali
ethaphon elicitation et al., 2005; Bae et al., 2006;
Kim et al., 2007; Jeong et al.,
2008
Panax CS MS + 10 uM 2,4-D + 3.5 yM Kn + 6 | Ginsenosides (65.5 mg Zhong and Wang, 1996
notoginseng uM Cu™ I/d) and Polysaccharides (62.6

mg/l/d)
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MS +10 uM 2,4-D + 3.5 yM Kn

Ginsenosides (136 mg/l/d)

Zhong et al., 1997

MS + 10 uM 2,4-D + 3.5 uM Kn + 1
UM Cu™ + 3.75 uM PO, ™

Ginsenosides (55 mg/l/d),
polysaccharides (186 mg/l/d)

Zhang and Zhong, 1997

MS + 10 uM 2,4-D + 3.5 uM Kn

Polysaccharides (78.0 mg/l/d)

Yao and Zhong, 1999

MS + 10 uM 2,4-D + 3.5 yM Kn + Ginsenosides (75 mg/l/d), Zhong, 2000
3.75uM POy "+ 1uM Cu ™ + 5% polysaccharides (140 mg/l/d)

sucrose

Modified MS media + 50% Ginsenosides (94 mg/l/d), Zhong, 2000

conditioned medium

polysaccharides (245 mg/l/d)

Elicitation by MJ & HMJA

Rb group ginsenoside enhanced by
9 fold

Wang and Zhong , 2002

Panax C,CS MS +5uM 2,4-D + 1.2 yM Kn + 3% | Crude ginsenosides (1.1% fresh Mathur et al., 1999, 2003a,b
pseudoginseng CH wt.)
C,CSs MS +5 uM 2,4-D + 1.2 yM Kn + 3% | Crude ginsenosides (1.1% fresh Mathur et al., 1999, 2003a,b
CH wt.)
Panax C,CS MS +5 uM 2,4-D + 1.2 yM Kn Ginsenosides (0.56—1.2 % f.wt.) Mathur et al., 1994, 1999
quinquefolium
MS+ 5 uM 2,4-D Ginsenosides (1.9 mg/qg) Wang et al., 1999
CS MS + 125 yM IBA + 2 yM 2,4-D + Ginsenosides (33.9 mg/l/d), Zhong and Wang, 1998
0.5 yM Kn Polysaccharides (61.3 mg/l/d)
SL Y2 MS salts + Bs vitamins + 1.5% Ginsenosides (24.4 mg/g) Wang et al., 1999
Sucrose + 3% gelrite
SEP MS+1.45 uM GA; + 2.2 yM BAP Ginsenosides (6.6 mg/g) Wang et al., 1999
RPL 2MS + 1.45 uM GA3 Ginsenosides (12.8 mg/g) Wang et al., 1999
AR MJ elicitation INP Ali et al., 2005
Panax C MS +5 uM 2,4-D + 1.2 yM Kn Ginsenosides (0.95% fresh wt.) Mathur et al., 1999
sikkimensis

AR, Adventitious roots; ASRP, Aerial part of regenerated plants; ASL, Aerial part of seedlings; C, Callus; CH, Casein hydrolysate; HMJA,
Hemimethyl jasmonic acid; IBA, Indole-3-butyric acid; INP, Information not provided; Kn, Kinetic; MJ, Methyl jasmonate; MS, Murashige &
Skoog medium; RPL, Roots of regenerated plantlets; SE, Somatic embryoids; SEP, Somatic embryo-derived plantlets; SH, Schenk and
Hildebrandt Medium; SL, Seedlings; SRP- Subterranean part of regenerated plants; SSL, Subterranean part of seedling; YE, Yeast extract;
2,4-D, 2,4-dichlorophenoxyacetic acid.



Table 8.4. Studies concerning in vitro saponin production in Agrobacterium rhizogenes-mediated transformed hairy root cultures of Panax

species.
Panax sps. Bacterial strain | Explant | Medium used Saponins produced in vitro References
P. ginseng Ay RC MS basal (Liquid) Ginsenosides (0.95 % dry wt.) Yoshikawa and Furuya,
1987
ATCC- R LS basal (liquid) Ginsenoside 7.4 mg/l/d in Inomata et al., 1993
15834 bioreactor and 11.9 mg/l/d in
shake flask cultures
ATCC- P Y2 MS (semi-solid) INP Yoshimatsu et al., 1996
15834
Ad S Modified MS (liquid) Ginsenosides (13.23 -21.27 mg/ | Bulgakov et al., 1998
g/ d.wt.)
ATCC-15834 R MS (semi-solid) INP Yang and Choi, 2000
KCTC- 2703 MS +23.8 uyM JA Ginsenosides (504.39 mg/l) Yu et al., 2000
MS + 0.03% peptone Ginsenosides (244.0 mg/l) Yu et al., 2000
A4 R SH (liquid) Ginsenosides (5.4 mg/g dry wt.) | Mallol et al., 2001
ATCC-15834 | R MS + 2.5 uM IBA + 2.5 uM NAA | INP Washida et al., 2004
KCTC- 2703 R MS + JA(4.8-23.8 uM) Rb1 and Rb2 Yu et al., 2002
increased by 4.6 and 7.7 times
A4 R JA, vanadyl sulphate and Ginsenosides (3 fold increase) Palazén et al., 2003a, b
chitosan elicitation
A4 R INP Ginsenosides Woo et al., 2004; Yu,
K.W. et al., 2005
A4 R Elicitation by oligosaccharides Ginsenosides Zhou et al., 2007
of Paris polyphylla
P. LBA-9402 EP Ya B5 (liquid) Ginsenosides (1.0% fresh wt.) Mathur et al., 2010b
quinquefolium
Panax hybrid | ATCC-15834 P B5 (liquid) Ginsenosides (2.87% dry wt.) Washida et al., 1998
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ATCC, American Type Culture Collection; B5, Gamborg et al (1969) medium; EP, Epicotyl; INP,Information not provided; JA,Jasmonic acid;
KCTC, Korean Collection for Type Cultures LS, Linsmaier & Skoog medium; MS,Murashige & Skoog medium; P,Petiole; R,Roots; RC,Root
callus; Schenk and Hildebrandt Medium
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Optimization of a culture-based production system for a plant product requires
standardization of various techniques ranging from cell line selection to media
manipulation, pathway elicitation, precursor feeding, and genetic transformations (Mathur
and Ahuja, 1990; Dixon and Steele, 1999; Giri ef al., 2001; Rao and Ravishankar, 2002;
Liang and Zhao, 2008). The role of some of these factors in relation to in vitro production
of saponins is discussed below.

Selection of hyper-productive cell lines

Cell cultures may offer better selectivity and yield for the desired bioactive product since
the cell strains may be selected from tissues or organs, which show more productivity than
other parts of the plant (Dicosmo and Misawa, 1995). Because different levels of secondary
metabolite production can be found within a cell line, significant headway in the
productivity of plant cell cultures has followed on the heels of intensive selection for high-
producing cell lines (Watanabe ef al., 1982; Dicosmo and Misawa, 1995).

Plant cell lines can be recurrently selected to amplify the productivity of the cell culture
as has been done in American ginseng, Panax quinquefolium (Wang et al., 1999; Mathur et
al., 2001; US Patent No. 6326202; 2002b, 2003b). Similar amplification of yield has
followed selection in highly pigmented cell culture line of Panax sikkimensis, an Indian
species of ginseng (Mathur et al., 2002a, b; US Patent No. 6368860, 2010a).

Manipulation of culture conditions

Composition of the media including the types and amounts of plant growth regulators,
mineral salts, carbon sources, as well as culture conditions such as temperature, pH,
illumination condition, aeration etc. may affect the production of secondary metabolites.
The effects of some medium components especially micro- and macro-nutrients have been
studied on growth and saponin production in cell cultures of many plants (Nigra et al.,
1990; Liu and Zhong, 1997; Mathur et al., 2000). Cu"", K*, PO, "~ and total nitrogen
concentration in the media have been found to significantly affect the cell growth and
saponin accumulation in cell cultures of various Panax species (Table 8.3). Optimal
mineral element ratio is required to increase the growth and biomass production in callus
and cell suspension cultures of Panax notoginseng (Zhang et al., 1996a) and Panax
quinquefolium (Mathur et al., 2000; Gangwar, 2003). Manipulation of other media
constituents including NO;™ concentration (Liu and Zhong, 1997; Gangwar, 2003), sucrose
(Akalezi et al.,1999; Zhang et al., 1996b), PO, (Zhong and Zhu, 1995) and plant growth
promoting substances (Zhang et al.,1996a,b) has also been shown to affect ginsenoside
production in different species of Panax. Ginsenoside production in callus and cell
suspension cultures of P. quinquefolium was also found to be affected by culture age
(Mathur ef al., 1994, 2001) and medium replenishment/exchange strategy in Panax (Jeong
et al., 2008). In P. ginseng, oxygen supplementation to bioreactor-based cell suspension
culture improved biomass accumulation and saponin production (Thanh et al., 2006).
Media component optimization for growth and secondary metabolite production was also
studied for hairy roots of Solanum khasianum and it was observed that while MS media
supported the growth, Gamborg’s BS media supported secondary metabolite production
(Jacob and Malpathak, 2005). Nutrient feeding and osmotic shocks have also been
demonstrated to be beneficial for biomass accumulation and ginsenoside biosynthesis in P.
ginseng (Wu et al., 2005).
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Organ cultures

While research to date has succeeded in producing a wide range of valuable phytosaponins
in unorganized callus or suspension cultures, in some cases the production requires a more
differentiated state of tissues like multiple shoots or root cultures (Dérnenberg and Knorr,
1997). This is particularly required when the metabolite of interest is only produced in
specialized plant tissues or glands in the parent plant. Adventitious or transformed hairy
root cultures are the focus of such an approach. Hairy root cultures are genetically more
stable because of a higher degree of tissue differentiation and organization than isolated
cells in culture and usually grow faster than normal plant roots without any exogenous
phytohormone (Giri and Narasu, 2000; Rao and Ravishankar, 2002; Sevon and Oksman-
Caldentey, 2002; Verpoorte et al., 2002). A. rhizogenes-mediated hairy root formation also
provides a transgenic system for introducing foreign pathway genes through Ri-plasmid of
A. rhizogenes into the cultured cells. The induction and establishment of hairy roots after
the infection of P. ginseng roots with A. rhizogenes has been successfully performed
(Yoshikawa and Furuya, 1987; Ko et al., 1989). However, these roots required
phytohormones for satisfactory growth. The roots grow more rapidly and produce higher
levels of saponins than the non-transformed adventitious roots grown in vitro. Inomata et
al. (1993), Bulgakov et al. (1998) and Washida ef al. (1998), however showed the ability of
P. ginseng hairy roots to grow rapidly in a phytohormone-free medium. Inomata et al.,
(1993) and Yoshimatsu et al. (1996) established hairy root cultures by infecting petiole
segments with A. rhizogenes strain 15834 and studied their storage at 4°C and
cryopreservation at -196°C. The hairy roots regenerated from cryopreserved root tips grew
well, having the same ginsenoside productivity pattern as those of the control hairy roots
maintained continuously at 25°C. Hwang et al. (1996) found that the growth in light
conditions favours ginsenoside synthesis, while darkness favours growth of the hairy roots.
Yu et al. (2000) reported the effect of jasmonic acid, phenylalanine, caffeic acid, catechin,
chitin, gum karaya, fucoidan and peptone on metabolite productivity of hairy root cultures
of P. ginseng. They observed that only jasmonic acid strongly improved total ginsenoside
production in these hairy roots. Peptone also gave a few positive signals but it was less
efficacious than jasmonic acid.

Hairy root cultures, in addition to being an excellent system for in vifro saponin
production, are also being used as expression systems to test the efficacy of ‘pathway gene
constructs of saponin biosynthesis’ (Woo et al., 2004; Liang and Zhao, 2008). During
upscaling, most remarkable developments of scale-up in large vessels were reported for
Panax ginseng hairy root biomass in a 20-ton cultivation tank (Sivakumar ef al., 2005).

Employment of multiple shoot cultures for in vitro saponin production is also reported
in Centella asiatica (Kim, T. et al. 2004 a,b; Susan et al., 2006; Yadav et al., 2007),
Galphimia glauca and Ruscus aculeatus (Susan et al., 2006). The growth versus
asiaticoside production in shoot cultures of C. asiatica has been studied over a culture
period of 90 days. The results indicated that optimal growth with high asiaticoside
production occurs between 30 and 40 days of culture. The shoots can be efficiently cultured
in liquid medium supplemented with kinetin. An important point to mention here is that
there is differential expression of asiaticoside production in leaf and petiole of the cultured
shoots. Leaves produce more asiaticoside as compared to the petiole. Some biotic elicitors
(Trichoderma exudates) have shown enhancement in asiaticoside production in these
cultures (Yadav et al., 2007; Mathur, unpublished results).



In vitro Saponin Production 125

Precursor feeding, biotransformation and permeabilization

One of the important strategies to enhance the natural product accumulation is feeding the
cell cultures with inexpensive and abundantly available pathway precursors. The concept is
based on the idea that any compound that is an intermediate in or at the beginning of a
secondary biosynthetic route stands a good chance of increasing the yield of the final
product (Rao and Ravishankar, 2002). Addition of known or putative precursors in a
pathway may enhance the production of a desired metabolite in plant cell cultures if the
endogenous level of such precursors is a limiting factor. This approach has been found to
be very effective in the case of Solanum Iyratum (Lee et al., 2007) for the production of
solanine, solanidine and solasodine and in Cistanche salsa for the production of a
phenylethanoid glycoside (Liu et al., 2007). Furuya et al. (1983b) studied the effect of
some precursors (like sodium acetate, mevalonic acid and farnesol and some inhibitors of
the side chain reactions of saponin synthesis like semicarbazide and thiosemicarbazide and
found that these could significantly enhance saponin production in callus cultures of P.
ginseng. Linsefors et al. (1989) also reported a significant increase of nearly 40% in the
saponin accumulation in ginseng cell cultures with the addition of mevalonic acid in the
medium. In C. asiatica callus cultures various triterpene precursors like squalene,
isopentenyl pyrophosphate (IPP), farnesyl pyrophosphate (FPP) and leucine were tested by
Kiong et al. (2005) to increase the asiaticoside production. Squalene was found to be the
best in promoting the biomass and saponin production in such callus cultures. Feeding
metabolic precursors in some instances can also help to identify steps in a pathway at which
the activity of an enzyme or the availability of its substrate might limit the overall flux
through the pathway (Han et al., 2002).

In plant cell cultures the secondary metabolites are mostly stored within the cell vacuole
which becomes a major limiting factor for continuous operation. Secretion of metabolites
into the medium either naturally or by induction treatment offers easy removal of the
product and better biomass re-use. Using P. notoginseng cell cultures Zhong et al. (1997)
studied the effective release of saponins by short- and long-term treatment with DMSO.
They noticed that long-term DMSO treatment can release much more saponin with high
biological activity than those under short-term permeabilization treatment.The amount of
saponin leached out into the medium was 136 mg/l on day 24 successively for five
subcultures when the cultures were treated with 1% DMSO. In P. quinquefolium cell
suspension cultures an appreciable amount of ginsenosides were found to auto-leach into
the medium (Mathur et al., 1994, 2001).

Elicitation

Biotic and abiotic elicitation of a metabolic pathway represents a very effective strategy to
realize hyper-accumulation of a desired metabolite in cell, tissue and organ cultures
(Roberts and Shuler, 1997; Rao and Ravishankar, 2002; Radman et a/., 2003; Namdev,
2007). This approach primarily works on the hypothesis that accumulation of secondary
metabolites in plants is a part of its defence response to biotic and abiotic stresses that act
as triggering signals for their synthesis. Some of the frequently used elicitation agents are
carbohydrate fractions of fungal or bacterial cell walls, glycoproteins, polyamines, fatty
acids, hepta-B-glucosides, methyl jasmonate, chitosan, yeast extract, heavy metal ions
(Cu™,Cd™,Ca™, Ni"™™) and UV radiations (Radman ef al., 2003; Veersham, 2004; Kim, T.
et al., 2004b). Osmotic shocks (dehydration) and low energy ultrasound waves have also
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been frequently employed as elicitation factors (Lin and Wu, 2002; Wu et al., 2005; Liu
and Cheng, 2008). Elicitors mostly trigger the signal transduction pathway in the cells
through a cascade of biochemical events like change in membrane potential, ion flux
through tonoplast, production of reactive oxygen species (ROS) and synthesis of
phytoalexins (Giri et al., 2001; Zhao et al., 2005). Their positive influence on expression of
secondary metabolic pathways are considered to be mediated by activation of pathway
specific transcription factors that in turn, switch on or off several genes of a targeted
biogenetic route.

Various elicitation strategies have been utilized to stimulate saponin biosynthesis in
cell, shoot and root cultures of Panax, Glycyrrhiza, Solanum and Centella asiatica (Hu et
al., 2003a, b, ¢; Choi et al., 2005; Kim, J.S. et al., 2005; Kim, O.T. et al., 2005b; Thanh et
al., 2005; Yu, C.J. et al., 2005; Yu, K.W. et al., 2005; Wang et al., 2005 a,b; Wang et al.,
2006). Saponin accumulation in cultured ginseng cells was found to be stimulated by
various elicitors such as yeast extract, peptone, methyl jasmonate, jasmonic acid, chitosan,
yeast cell wall fractions and an oligo-galacturonic acid elicitor (Yu et al., 2000; Lu et al.,
2001; Hu et al., 2003b, ¢; Wang et al., 2006). The saponin and polysaccharide synthesis in
cell cultures of P. notoginseng was also enhanced by the use of conditioned/left-over
medium (Yao and Zhong, 1999; Zhong, 2000).

There are several reports on positive influence of methyl jasmonate elicitation on
ginsenoside production in cell suspension and root cultures of P. ginseng and P.
notoginseng (Lu et al., 2001; Palazén et al., 2003a; Choi et al., 2005; Bae et al., 2006;
Wang et al., 2006; Hu and Zhong, 2007, 2008). Since methyl jasmonate has very low
solubility in water besides having a cytotoxic effect, several ester derivatives of methyl
jasmonate like 2-hydroxy-ethyl-jasmonate and trifluoroethyl jasmonate have been
synthesized to achieve a much better elicitation of ginenoside pathway in P. notoginseng
(Wang et al., 2006; Hu and Zhong, 2008). Kim e? al. (2009) showed that levels of Rb and
Rg types of ginsenosides in hairy roots of P. ginseng increased by 5.5-9.7 and 1.85-3.82
fold within 7 days of MJ treatment. The Rgl ginsenoside content was, however, negatively
affected upon MJ treatment in these cultures. These workers also used the MJ-based
elicitation approach to study the expression of several pathway genes associated with
ginsenoside synthesis. Three genes of glucosyltransferase family involved in hydroxylation
and glycosidation steps of the pathway were found to be upregulated in the elicited
cultures. This study has opened up a fresh avenue for metabolic engineering in Panax
species. MJ elicitation of saponin pathway in organized plantlet cultures of Galphimia
glauca and Centella asiatica have also been reported (Susan et al., 2006). The elicited
cultures showed enhancement in their triterpenoid saponin synthesized from 2,3-
oxidosqualene. However, in the case of Ruscus aculeatus which synthesizes steroidal
saponins (mainly spirostane type) indirectly from 2,3-oxidosqualene, the growth rate and
free sterol content decreased but spirostane content remained unchanged in aerial parts and
decreased in the roots in presence of MJ. These results suggest that MJ may be used as an
inducer of enzymes involved in the triterpene biosynthesis downstream from 2,3-
oxidosqualene in both Galphimia glauca and C. asiatica plantlets, but in C. asiatica and R.
aculeatus it inhibited the enzymes involved in sterol synthesis downstream from
cycloartenol (Susan et al., 2006). Responses of defence signals and transcription of
squalene synthase (SQS), squalene epoxidase (SQE) and farnesyl diphosphate genes have
also been reported in cultures of P. ginseng (Liang and Zhao, 2008), C. asiatica (Kim, J.S.
et al., 2005; Kim, O.T. et al., 2005b), G. glabra (Hayashi et al., 2003) and M. truncatula
(Iturbe et al., 2003) treated with MJ (Hu et al., 2003¢; Choi et al., 2005). Induction of
saponin biosynthesis was also observed under the influence of fungal cell wall extract of
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Colletotrichum lagenarium by generation of H,O, (Hu et al., 2003b, c), singlet O, and
ethylene (Xiaojie et al., 2005) in cell cultures of P. ginseng. Elicitation treatment triggers
the activation of plasma membrane NADPH oxidase and 1-aminocyclopropane-1-
carboxylic acid oxidase (ACO), leading to ethylene release and increased mRNA
expression of squalene synthase (SQS) and squalene epoxidase (SQE), and accumulation of
B-amyrin synthase ($-AS). Heavy metal elicitors such as CdCl, and CuCl,, were also used
to elicit asiaticoside production in whole plant cultures of C. asiatica for stimulation of
asiaticoside production (Kim ef al., 2004a). Another novel and special elicitation stimulus
in the form of low energy ultrasound (US) has been found effective in stimulating saponin
production in P. ginseng (Wu and Lin, 2002). This stimulating effect was ascribed to the
mechanical stress created by ultrasound waves in the liquid medium.

Bioreactor upscaling

There are very few reports on bioreactor upscaling of cell cultures for phytosaponin
production. The only commercially successful venture has been documented for Panax
ginseng cell culture by Nitto Denko Corporation (Japan) wherein the production is scaled
up to a level of 20 g/l/week biomass in a 20,000 1 capacity fermenter (Ushiyama and
Hibino, 1997). The cell lines of P. notoginseng and P. quinquefolium have also been
cultivated in air-lift and stirred tank bioreactors for ginsenoside production (Hu and Zhong,
2001; Zhang and Zhong, 2004). Clearly, there are several technological/engineering gaps to
be addressed in this area. Plant cells in culture have different morphologic and growth
characteristics from those of microorganisms such as their relatively large size, formation
of large aggregates, shear sensitivity and slow growth. Therefore, the conventional
bioreactors that are used for microbial cells are not suitable for plant cells. Initially only the
airlift reactors were used (Wagner and Vogelmann, 1977) due to their low shear forces.
Nowadays, however, reactors with stirrers, like those of the ship impellor type, are
preferred because of their better mixing potential (Shuler, 2001; Zhong, 2003). The fed
batch mode has been efficiently utilized in cases where high concentration of the substrate
addition affects the growth as reported by Wu and Ho (1999) in the case of P. ginseng.
Using different agitation speeds during different growth stages would be a more rational
aproach for successful cultivation of plant cell suspension cultures. P. ginseng cell cultures
have been successfully grown in a balloon-type bubble bioreactor with an improved quality
of inlet air via an appropriate level of oxygen supplementation up to a level of 40% (Thanh
et al., 2006). A fast growing and high ginsenoside producing cell line of Panax
quinquefolium has also been upscaled by us in a 5 | bioreactor (A. Mathur, unpublished
data).

It is evident that several operational parameters like optimum oxygen transfer, uniform
media percolation, online growth monitoring, protection against cellular injury and in situ
retrieval of the product are yet to be optimized in this direction (Shuler, 2001; Zhong, 2003;
Ionkova, 2007). Intense efforts towards these are underway for several plant systems and
rapid progress is expected in the near future (Guillon et al., 2006; Srivastava and
Srivastava, 2007; Cloutier ef al., 2008; Misra and Ranjan, 2008).
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Metabolic Engineering of Saponin Biosynthetic Pathways

Plant saponins are in focus of metabolic engineering (ME) efforts for their enhanced
expression in cultured cells and corresponding plants. Unfortunately, our current
knowledge on their biogenetic pathways is still linear and scanty (Ustundag and Mazza,
2007; Liang and Zhao, 2008). Initial efforts to apply the techniques of genome-wide
profiling to identify pathway genes for saponin synthesis have begun in the last few years
in plants like Panax, Centella, Glycyrrhiza and Medicago (Hayashi et al., 2003; Iturbe et
al., 2003; Jenner et al., 2005; Kim, J.S. ef al., 2005; Kim O.T. 2005a,b,c; Liang and Zhao,
2008). Efforts are also on in several laboratories to dissect the saponin biosynthetic
pathways in plants (Kushiro et al., 1998; Lee et al., 2004; Kim et al., 2005; Han et al.,
2006). Many genes associated with triterpene biosynthesis have now been characterized
and cloned. To create a ginseng gene resource that contains the genes involved in
ginsenoside biosynthesis, Choi ef al. (2005) generated 3134 ESTs from MJ-treated ginseng
hairy roots. A novel oxidosqualene cyclase (OSC) gene was also identified by this analysis.
RNA gel blot analysis showed that transcription of this OSC and squalene esterase (SQE)
gene transcription increased by MJ treatment. Three genes of glucosyltransferase that
regulate glycosidation in ginseng were also selected as candidates, although their
characterization in terms of their functions in a heterogenetic system is yet to be worked
out. In future, if the function of the gene associated with hydroxylation and glycosidation
steps can be clearly elucidated, it will be possible to manipulate the ginsenoside pathway
for the large-scale production of a target saponin in ginseng hairy root cultures (Kim et al.,
2009). Likewise three major pathway genes coding for branch point enzymes like farnesyl
diphosphate synthase, oxidosqualene cyclase and amyrin synthase involved in synthesis of
asiaticosides in C. asiatica have been cloned (Kim, J.S. ef al., 2005; Kim O.T. 2005a) and
further efforts in this direction will pave the way of designing better asiaticoside yielding
clones.

Conclusion and Future Directions

The last three decades have witnessed notable progress in the development of various in
vitro approaches for the production of plant saponins from cultured cells and tissues. These
knowhows now deserve a cross-talk for their synergism and translation for industrial
exploitation. Plant scientists and chemical engineers must join hands to address the scaling
up issues. It is hoped that amalgamation of combinatorial genomic and metabolic
engineering tools with available knowledge will further facilitate the fine tuning of the
various bio-processes involved in the in vifro saponin synthesis, storage, catabolism and
recovery from the cultured tissues. Need for further research on molecular understanding,
redesigning and obtaining better regulatory controls of saponin pathways in planta and in
cultured cells will continue to motivate and excite the scientific community engaged with
phytosaponins.
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Chapter 9

Podophyllotoxin and Related Lignans:
Biotechnological Production by In vitro Plant
Cell Cultures

Iliana Ionkova

Introduction

The aryltetralin lignan podophyllotoxin (PTOX) is a natural occurring lignan derived from
the roots and rhizomes of the Himalayan Podophyllum hexandrum and the American
Podophyllum peltatum L. (Podophyllaceae ~Berberidaceae) (Ionkova, 2007; Arora et al.,
2008). Podophyllum is a genus of six species of herbaceous perennial plants in the family
Berberidaceae, native to eastern Asia (five species) and eastern North America (one
species, P. peltatum). They are woodland plants, typically growing in colonies derived
from a single root. This small group of perennials (commonly called May Apples) is
originally from North America, the Himalayas and western China. They grow from 12 to
18 inches high and have large, deeply lobed leaves on long, fleshy stems, which rise
straight up from the soil. The name Podophyllum is taken from podos, a foot, and phyllon,
a leaf, and refers to the resemblance of the leaves to a duck’s foot. A drug known as
podophyllin is made from the rhizomes of these plants. P. hexandrum has pretty leaves that
are divided into three lobes. They completely unfurl after the plant has bloomed and are
dark green splotched with brown. In the spring, white or pale pink, six-petalled flowers are
borne at the ends of stout stems; these are followed by fleshy, oval, red berries. The
perennial herb Podophyllum hexandrum (syn. P. emodi), bearing the common names
Himalayan mayapple or Indian Mayapple, is native to the lower elevations in and
surrounding the Himalaya (Gupta and Sethi, 1983; Arora et al., 2008). It is low to the
ground with glossy green, drooping, lobed leaves on its few stiff branches, and it bears a
pale pink flower and bright red-orange bulbous fruit. The ornamental appearance of the
plant makes it a desirable addition to woodland-type gardens. It can be propagated by seed
or by dividing the rhizome. It is very tolerant of cold temperatures, as would be expected of
a Himalayan plant, but it is not tolerant of dry conditions.
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Medicinal Use

Lignans have a long history of medicinal use as the first records date back over 1000 years
(Kelly and Hartwell, 1954). The roots of wild Chervil (dnthriscus sylvestris L. Apiaceae),
containing several lignans, including deoxypodophyllotoxin, were used in a salve for
treating cancer (Cockayne, 1961). Another source from 400—-600 years ago reveals the use
of the resin, derived from an alcoholic extract of the roots and rhizomes of Podophyllum
perennials as a catharctic and poison, both by the natives of the Himalayas and the
American Penobscot Indians of Maine (Ayres and Loike, 1990). Throughout the years,
lignan-containing plant products were used for a wide number of ailments in Chinese
medicine — roots of Kadsura coccinea Hance. ex Benth. (Schizandraceae) for treatment of
rheumatoid arthritis, gastric and duodenal ulcers (Tu, 1977), Japanese — Fraxinus japonica
Blume ex K. Koch. (Oleaceae) (Kariyone and Kimurta, 1976; Kodaira, 1983) — diuretic,
antipyretic, an analgesic and antirheumatic agent. The bark of Olea europaea L. (Oleaceac)
has been studied (Tsukamoto et al., 1984) for its antipyretic, antirheumatic, tonic and
scrofula remedy actions.

The Podophyllum plant is poisonous but when processed has medicinal properties. The
rhizome of the plant contains a resin, known generally and commercially as Indian
Podophyllum Resin, which can be processed to extract podophyllotoxin, or podophyllin, a
neurotoxin. It has been historically used as an intestinal purgative and emetic, salve for
infected and necrotic wounds, and inhibitor of tumour growth. The North American variant
of this Asian plant contains a lower concentration of the toxin but has been more
extensively studied. All the parts of the plant, excepting the fruit, are poisonous. Even the
fruit, though not dangerously poisonous, can cause unpleasant indigestion. Podophyllum
gets its name from the Greek words podos and phyllon, meaning foot shaped leaves.
Podophyllum rhizomes have a long medicinal history among native North American tribes
who used a rhizome powder as a laxative or an agent that expels worms (anthelmintic). A
poultice of the powder was also used to treat warts and tumourous growths on the skin.

Podophyllotoxin is a plant-derived compound used to produce two cytostatic drugs,
etoposide and teniposide. The substance has been primarily obtained from the American
mayapple (Podophyllum peltatum). The Himalayan mayapple (Podophyllum hexandrum or
P. emodi) contains this constituent in a much greater quantity, but is endangered in the
wild. The substance they contain (podophyllotoxin or podophyllin) is used as a purgative
and as a cytostatic. Posalfilin is a drug containing podophyllin and salicylic acid that is
used to treat the plantar wart. Several podophyllotoxin preparations are on the market for
dermatological use to treat genital warts. Since the total synthesis of podophyllotoxin is an
expensive process, availability of the compound from natural renewable resources is an
important issue for pharmaceutical companies that manufacture these drugs (Moraes et al.,
2002). In recent years, P. hexandrum has been extensively investigated for its potent
radioprotective properties (Arora et al., 2005, 2007, 2010a,b; Chawla et al., 2006; Singh et
al., 2009).

The lignan podophyllotoxin, occurring in Podophyllum emodi Wall. ex Royle and
Podophyllum peltatum L., is the starting compound for the semi-synthesis of the anticancer
drugs. It is currently being used as a lead compound for the semi-synthesis of anticancer
drugs etoposide, teniposide and etopophos (Fig. 9.1), which are used for the treatment of
lung and testicular cancers and certain leukaemias (Stahelin and Wartburg, 1991; Imbert,
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1998). The drug etoposide (VePesid®) is the semisynthetic derivative of podophyllotoxin,
and is approved by the US Food and Drug Administration (FDA) for various types of
cancer. Currently, extracts of the podophyllum plant are used also in topical medications
for genital warts, HIV-related oral hairy leukoplakia, and some skin cancers. Preliminary
research also shows that CPH 82, an oral form of Podophyllum emodi composed of two
purified semisynthetic lignan glycosides, may be useful in treating rheumatoid arthritis.
However, when used orally, Podophyllum can be lethal and should be avoided.
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Fig. 9.1. Structures of etoposide, teniposide and etopophos.
Supply of podophyllotoxin

The supply of podophyllotoxin depends mainly on its extraction from roots and rhizomes
of Podophyllum hexandrum Royle (from Himalayas region) and Podophyllum peltatum L.
(North America), which contain 4% and 0.2% of the active substance on a dry mass basis,
respectively. Those resources are, however limited, because of the intensive collection of
the plants, lack of cultivation and the long juvenile phase and poor reproduction capacities
of the plant (Van Uden, 1992). Podophyllotoxin and related compounds (Fig. 9.2) are not
only present in Podophyllaceae, but also in e.g. Juniperaceae, Lamiaceae and Linaceae
(Petersen and Alfermann, 2001). A detailed phytochemical analysis of the lignans in the
Linaceae has been done in the groups of Ionkova (Sofia, Bulgaria), T.J. Schmidt (Miinster,
Germany) and A.W. Alfermann (Dusseldorf, Germany). Genera in which abundance of
PTOX has been reported are Linum (Linaceae) (Ionkova, 2007; Broomhead and Dewick,
1990a; Konuklugil, 1996a; Vasilev et al., 2005a,b; Konuklugil et al, 2007). Juniperus
(Cupressaceae) (Kupchan, 1965; San Feliciano et al., 1989a,b), Hyptis (Lamiaceae) (Kuhnt
et al, 1994), Thymus (Lamiaceae), Teucrium (Lamiaceac), Nepeta (Lamiaceae)
(Konuklugil, 1996b), Dysosma (Berberidaceae) (Yu et al., 1991), Diphylleia
(Berberidaceae) (Broomhead and Dewick, 1990a), Jeffersonia (Berberidaceae) (Bedir et
al., 2002) and Thuja (Cupressaceae) (Muranaka ef al, 1998).

General approaches to the chemical synthesis of podophyllotoxin derivatives (Canel et
al., 2000) and chemical synthesis of lignans (Ward, 2003) have been proposed, however,
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an efficient commercially viable route to the synthesis of podophyllotoxin is still to be
sought.

Need for production of podophyllotoxin and related lignans by plant in vitro cultures

The supply of podophyllotoxin depends mainly on its extraction from roots and rhizomes
of Podophyllum hexandrum Royle (from Himalayas region) and Podophyllum peltatum L.
(North America), which contain 4% and 0.2% of the active substance on a dry mass basis,
respectively. Those resources are, however limited, because of the intensive collection of
the plants, lack of cultivation and the long juvenile phase and poor reproduction capacities
of the plant (Van Uden, 1992).

In the coming decades, several new enabling technologies will be required to develop
the next generation of advanced plant-based pharmaceuticals. With modern biotechnology,
it has become possible to use plant cells for the production of specific pharmaceuticals.
Using the right culture medium and appropriate phytohormones it is possible to establish in
vitro cultures of almost every plant species. Starting from callus tissue, cell suspension
cultures can be established that can even be grown in large bioreactors. Moreover, the
biotechnological production of these plant products is more environmentally friendly way
than is currently occurring.

Malignant diseases are the second leading cause of mortality within the human
population. Despite the serious progress in establishing and introducing novel specifically-
targeted drugs the therapy of these diseases remains a severe medical and social problem.
Some of the most effective cancer treatments to date are natural products or compounds
derived from plant products. Seven of the most consumed anticancer drugs are of plant
origin: etoposide, teniposide, taxol, vinblastine, vincristine, topotecan, and irinotecan. They
are some of the most vigorous products in cancer therapy and are still derived from plants
since the chemical synthesis of the chiral molecules is not economic (Dechamp, 1999).

Market prices for the plant-derived anticancer drugs are quite high: 1 kg of vincristine
(Catharanthus alkaloid) costs about US$20,000 and the annual world market is about
USS$5 million per year. Isolation of pharmaceuticals from plants is difficult due to their
extremely low concentrations. The industry currently lacks sufficient methods for
producing all of the desired plant-derived pharmaceutical molecules. Some substances can
only be isolated from extremely rare plants. The biotechnological approach offers a quick
and efficient method for producing these high-value medical compounds in cultivated cells.
In the future, a new production method may also offer alternatives to other highly
expensive drugs.
Biotechnological production in plant cell cultures is an attractive alternative but has so far
had only limited commercial success (for example, paclitaxel or Taxol), due to a lack of
understanding of the complex multistep biosynthetic events leading to the desired end-
product. Discoveries of cell cultures capable of producing specific medicinal compounds at
a rate similar or superior to that of intact plants have accelerated in the last few years in
Bulgaria and other countries in Europe.

Lignans are a large group of phenolic compounds defined as Bf’-dimers of
phenylpropane (C6C3) units. This widely spread group of natural products possesses a long
and remarkable history of medicinal use in the ancient cultures of many peoples. The first
unifying definition of lignans was made by Howarth in 1936, who described them as a
group of plant phenols with a structure determined by the union of two cinnamic acid
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residues or their biogenetic equivalents (Howarth, 1936). According to IUPAC
nomenclature, lignans are 8,8'-coupled dimmers of coniferyl alcohol or other cinnamyl
alcohols (Moss, 2000). Lignans occur in many plant species, but only in low
concentrations. The biotechnological part focuses on alternative production systems for
these natural compounds, because the plant in vitro cultivation has several advantages over
collecting plants from fields (Alfermann et al., 2003). Growing plant cells permit a stricter
control of the quality of the products as well as their regular production without
dependence on the variations of natural production resulting from climate and socio-
political changes in their countries of origin. Problems connected with gathering, storing
(in special conditions), processing and disposal of huge amounts of biomass, connected
with extraction of active substances from in vivo plants are also solved. Suspension cultures
are of special interest due to their high growth rate and short cycle of reproduction.
Another advantage is the fact that undifferentiated plant cells, maintained in a liquid
medium, possess a high metabolic activity due to which considerably high yields of
secondary products can be achieved in short terms (from 1 to 3 weeks of cultivation). This
raises the question of investigation of in vitro cultures of new plant species for the
production of podophyllotoxin derivatives (Fuss, 2003). In Table 9.1, the accumulation of
lignans in plant tissue and organ cultures has been summarized.

Although there are many examples for the synthesis of podophyllotoxin and its
derivatives in plant cell and tissue cultures, the in vifro production still has to cope with
multiple tasks for the purpose of finding economically feasible paths for enhancing
production. The plant-specific secondary products as a podophyllotoxin and its derivatives
were long considered as a major limitation for an extensive use of plant-made
pharmaceuticals in human therapy.

Production advantages provided by plant in vitro cultures
The two principal advantages of plant-based production systems are:

1. Scalability: no other production system offers the potential scalability of plant
products. High-value products could be produced in sufficient amounts in plant cell
culture and will allow product manufacture on a massive scale that can match global
demand.

2. Adaptability: In the post-genomic era, it has become feasible to engineer plant cell and
tissue cultures, not only to produce complex proteins but also to produce high-value
secondary metabolites or entirely novel structures (such as new lead compounds for
pharmaceutical industry) (Stakeholders proposal, 2005).

Additional major advantages of a cell culture system over the conventional cultivation of
whole plants are:

1. Useful compounds can be produced under controlled conditions independent of
climatic changes or soil conditions;

2. Cultured cells would be free of microbes and insects;

3. The cells of any plants, tropical or alpine, could easily be multiplied to yield their
specific metabolites;

4. Automated control of cell growth and rational regulation of metabolite processes
would reduce labour costs and improve productivity;
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Organic substances are extractable from callus cultures. Production by cell cultures
could be justified, for rare products that are costly and difficult to obtain through other

means.

Table 9.1. Podophyllotoxin and related lignans in plant in vitro cultures®.

Species

In vitro culture

Lignans synthesized

Callitris drummondii

Callus, Suspension

PTOX

Daphne odora

Callus, Suspension

Matairesinol, Lariciresinol, Pinoresinol,
Secoisolariciresinol, Wikstromol

Forsythia x intermedia

Callus, Suspension

Epipinoresinol

Forsythia x intermedia

Callus, Suspension

Matairesinol

Forsythia x intermedia

Suspension

Pinoresinol, Matairesinol

Forsythia sp.

Callus, Suspension

Matairesinol, Epipinoresinol, Phillyrin,
Arctigenin

Haplophyllum patavinum

Callus

Justicidin B, Diphyllin, Tuberculation,
Arctigenin

Ipomea cairica

Callus

Trachelogenin, Arctigenin

Ipomea cairica

Callus

Pinoresinol

Jamesoniella autumnalis

Gametophyte

8', 8,2'-Tricarboxy-5,4-dihydroxy-7'
(5")-6"-pyranonyl-7',8'-
dihydronaphthalene and its two
monomethylesters

Juniperus chinensis

Callus

PTOX

Larix leptolepis

Callus

Pinoresinol; 2,3-dihydro-2-(4-hydroxy-
3-metoxyphenyl)-3-hydroxymethyl-5-
(w-hydroxypropyl)-7-
metoxybenzofuran, Lariciresinol,
Secoisolariciresinol, Iso-lariciresinol

Linum album

Suspension

PTOX, 6MPTOX, DPTOX,
Pinoresinol, Matairesinol, Lariciresinol,
B-peltatin, a-peltatin

Linum altaicum

Cell cultures

Justicidin B, Isojusticidin B

Linum austriacum

Callus, Suspension,
Root, Hairy root

Justicidin B, Isojusticidin B

Linum austriacum ssp.
euxinum

Cell cultures

Justicidin B, lisojusticidin B

Linum africanum Callus, Suspension PTOX, DPTOX

Linum campanulatum Callus, Suspension Justicidin B

Linum cariense Suspension 6MPTOX
5'-demethoxy-6-
methoxypodophyllotoxin, and the
corresponding 8'-epimers 6-
methoxypicropodophyllin, 5'-
demethoxy-6-methoxypicropodophyllin

Linum flavum Root 6MPTOX

Linum flavum Suspension, 6MPTOX

Embryogenic
Suspension
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Linum flavum

Suspension, Root
like tissue

B6MPTOX, 5'-demethoxy-6-methoxy-
PTOX

Linum flavum Hairy roots 6MPTOX

Linum flavum Hairy roots Coniferin

Linum elegans Callus, Suspension 6MPTOX, B-peltatin
Linum leonii Callus Justicidin B

Linum leonii Hairy roots Justicidin B

Linum lewisii Cell cultures Justicidin B, Isojusticidin B

Linum linearifolium

Callus, Suspension,
Shoots, Hairy roots

PTOX, 6MPTOX, Justicidin B

Linum mucronatum ssp.
armenum

Shoot, Suspension

Linum narbonese Callus Justicidin B
Linum nodiflorum Suspension 6MPTOX
Linum nodiflorum Suspension 6MPTOX, PTOX, DPTOX

Linum persicum

Callus, Cell cultures

PTOX, 6MPTOX, o- and B-peltatin

Linum tauricum

Callus, Suspension,
Shoots, Hairy roots

6MPTOX
4'-demethyl-6MPTOX

Linum serbicum

Callus, Suspension

6MPTOX, B-peltatin

Picea glechni

Suspension

Pinoresinol, Dihydrodehydrodiconiferil
alcohol

Podophyllum hexandrum | Callus, Suspension PTOX

Podophyllum hexandrum | Embryogenic callus | PTOX

Podophyllum peltatum Callus PTOX

Podophyllum peltatum Embryogenic PTOX, DPTOX, 4'- DPTOX
suspension

Podophyllum sp. Callus PTOX

Sesamum indicum Callus, Suspension, | Sesamin, Sesamolin
Hairy roots

* (The data are cited in Ionkova, 2007; Konuklugil ef al., 2007; Ionkova et al., 2006,
2007; Vasilev et al., 2008; Vasilev and Ionkova, 2005).

Development of in vitro cultures

The lignans are a large group of natural substances, which occur in a range of plant species,
but only in low concentrations. Their natural abundance, however, is scarce and their
chemical synthesis is not yet economically feasible. Podophyllotoxin (PTOX) is a lignan,
which is used as adduct for the semisynthesis of etoposide and tenoposide. Both
antineoplastic drugs are of importance for therapy and today and in the future will be a high
demand for the commercial drug and its precursors for the treatment of leukaemia. For the
production of podophyllotoxin different routes are known: extraction and isolation from
Podophyllum hexandrum, Linum and other species, production in plant cell cultures (Van
Uden et al., 1990c) and organic synthesis (Wink et al., 2005). Extraction and isolation of
podophyllotoxin from Indian Podophyllum hexandrum species is not economical and is
characterized by a high price for the final product.

Another problem is cultivation of the plant, which is why mostly the natural product is
extracted from wild collected species. The main reason for this is the limited growth rate
and culture conditions for accelerated growth. As a consequence, P. hexandrum is actually
endangered in the wild in India, especially in the Himalayan region. PTOX and related
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compounds are present in the plant families Juniperaceae, Berberidaceae, Lamiaceae and
Linaceae (Ionkova, 2007).

Podophyllum species

Up to this moment aryltetralin lignans are actually derived exclusively from plant sources.
Due to their restricted natural abundance and important pharmacological application,
identification of new sources or rational in vitro synthesis is very important for the
production of therapeutic candidates for cancer chemotherapy.

Podophyllotoxin was produced by cell culture of Podophyllum hexandrum under in
vitro culture conditions. A maximum of 4.26 mg/l of podophyllotoxin was produced when
P. hexandrum was cultivated in a 3 1 stirred tank bioreactor. The compound extracted from
the cell culture was applied to the human breast cancer cell line (MCF-7) and 1 nM
podophyllotoxin was able to inhibit the growth of the cancer cells by 50%. The most
profound inhibitory effect of podophyllotoxin was observed when it was applied in the
beginning of cell growth (Chattopadhyay et al., 2004).

Submerged cultivation of Podophyllum hexandrum for the production of
podophyllotoxin was carried out in a 3 1 stirred tank bioreactor fitted with a low-shear
Setric impeller. The specific requirements of the medium, such as carbon source (sugar)
and light, were established for the growth of and podophyllotoxin production by P.
hexandrum in suspension cultures. Substitution of sucrose by glucose resulted in higher
growth and podophyllotoxin production. The biosynthesis of podophyllotoxin was
favoured when plant cells were cultivated in the dark. An agitation speed of 100 rpm was
sufficient to mix the culture broth in the bioreactor without causing any significant cell
damage. Biomass and podophyllotoxin accumulation in the 3 1 bioreactor under batch
growth conditions were 6.5 g/l and 4.26 mg/l, respectively, in 22 days. This resulted in an
overall podophyllotoxin productivity of 0.19 mg/l/d), which represented an increase of
27% in comparison to its productivity in a shake flask. Podophyllotoxin production was
found to be a combined growth-associated and non-growth associated process
(Chattopadhyay ef al., 2002).

Linum species

Antitumour activity will undoubtedly continue to be the most clinically relevant property of
lignans. The production of anticancer compounds, such as lignan podophyllotoxin, by plant
in vitro cultures from different plant species has been demonstrated. Cell cultures of
different Linum species of section Syllinum are shown to produce considerable amounts of
lignans, mainly MPTOX. Although both PTOX and MPTOX have comparable cytotoxic
activity, due to the different substitution in position 6 MPTOX is not used for the
production of anticancer drugs (Kuhlmann ef al., 2002). Results, summarized in Table 9.2,
show that a broad range of experiments have been carried out, resulting in enhancement of
lignan production of in vitro cultures from Linum species. Since PTOX is the preferred
precursor for the semi-synthesis of anticancer drugs like Etoposide and Etopophos®, the
accumulation of predominantly PTOX is especially interesting. L. linearifolium is now
beside L. album and L. persicum the third Linum species of section Syllinum with PTOX
(ca 0.8% DW) as the main lignan (Kuhlmann ef al., 2002).
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As a new biotechnological alternative is our success in stereoselective hydroxylation of
deoxypodophyllotoxin by recombinant CYP3A4 in Escherichia coli to epipodophyllotoxin
(Vasilev et al., 2006a), the direct precursor for the semi-synthesis of anti-cancer drugs
etoposide (VP-16) and teniposide (VM-26).

A large number of aryltetralin lignans were identified from in vivo and in vitro species
of the Linum genus in our research group (L. tauricum Willd. ssp. bulgaricum (Podp.)
Petrova; L. tauricum Willd. ssp. tauricum; L. tauricum Willd. ssp. serbicum (Podp.)
Petrova; L. tauricum Willd. ssp. linearifolium (Lindem.) Petrova; L. elegans Sprun. ex
Boiss.; L. flavum L. ssp. sparsiflorum (Stoj.) Petrova; L.capitatum Kit. ex Schult. var.
laxiflorum (Stoj.) Petrova; L. cariense Boiss; L. altaicum Ledeb.; L. austriacum var
euxinum Juz.; L. lewissi Pursh.; L. campanulatum L.; L. setaceum Brot.; L. africanum, L.
strictum L.; L. leonii F. W. Schulz.; L. narbonense L.). Lignans in different samples of
Linum species, mainly occurring in Bulgaria, were analysed by HPLC-ESI/MS and HPLC-
UV/DAD. The ESI/MS fragmentation pathways recently established for aryltetralin lignans
are now extended to ester and glycoside derivatives. In total, ca. 40 different lignans,
mainly of the aryltetralin type, were identified (Vasilev et al., 2008). 6-
Methoxypodophyllotoxin and its glucoside were present as major constituents in all
samples. Differences between the investigated taxa were observed especially with respect
to the accumulation of 6-deoxy-7-hydroxy-aryltetralins such as podophyllotoxin and of 6-
hydroxy-7-deoxy-aryltetralin lignans of the peltatin type. Studies on extracts of in vitro
cultures of L. narbonese and L. leonii have shown cytotoxic activity, due to the presence of
arylnaphthalene lignan Justicidin B (Vasilev et al., 2006b).

Increasing the yields of plant cell cultures for the productions of podophyllotoxin and
related lignans

Different methods and approaches have been applied to in vitro cultures producing PTOX,
its derivatives and other lignans (Fig. 9.2 (Ionkova, 2007)).
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Fig. 9.2. Podophyllotoxin (R1=OH, R,=H, R3=OCHj3), Deoxypodophyllotoxin
(R1=H, R;=H, Ry=OCHj), B-peltatin (R=H, R,=OH, Ry=OCHz) - A,
Epipodophyllotoxin— B.
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Optimization of conditions of culturing, of plant in vitro cultures, for enhancement of

lignan production.

Multiple experiments from different working groups have been done for the enhancement
of lignan production from in vitro cultures with established synthesis (Table 9.2).

Table 9.2. Optimization of lignan in vitro production.

Species, Lignans Varying factors with | Results of optimization
(in vitro culture) synthesized impact on the
culture
Callitris drummondii PTOX-beta-D- lllumination 0.02% in the dark
(Suspension) glucoside 0.11% in light
Forsythia x intermedia | Pinoresinol Carbon source 2% sucrose:
(Suspension) Matairesinol 0.001% lignans

6% sucrose:
0.07% pinoresinol;
0.1% matairesinol

Ipomoea cairica
(Callus)

Arctigenin, trace-
Logenin

Phytohormones,
Carbon source

4 mg/l 2,4-D, 3% maltose,
pH 6.4 - 0.03 % lignans

Juniperus chinensis
(Immobilized cells)

PTOX

Various calcium
alginate
concentrations

1.8% Ca-alginate gel:
5-fold increased levels,
compared to free cell
suspension; maximum
excretion of PTOX in the
medium

3% Ca-alginate gel:
(0.21-0.025 mg/g dw)
4-5-fold increase

6% Ca-alginate gel:
small amount

Linum africanum
(Suspension)

PTOX
DPTOX

Source of explant
material, light,
IAA, NAA, 2,4-D,
Cytokinin/Kinetin
ratios

Highest synthesis:
Kinetin 10ml/l, IAA:
0.4ml/l, 2,4-D: 0.2ml/I;
PTOX: increases in dark
conditions (no difference
between callus and
suspension)

DPTOX: increases when
cultivated in the dark and
has higher levels in callus
than suspension

Linum album
(Suspension)

PTOX and
related lignans

lllumination

0.2% - dark
0.5% - light

Linum album
(Suspension, shake-
flasks: 1000ml — 50ml
medium, 300ml — 50

PTOX

Oxygen supply
Increasing of
shaker speed

Enhancement of PTOX
accumulation
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ml medium,
establishment of
bioreactor)

L. altaicum Justicidin B Dark Justicidin B
(Callus, Suspension) Isojusticidin B between 0.92—0.96%.
L. austriacum ssp. Justicidin B Dark Justicidin B
euxinum between 0.50-0.96%
(Callus, suspension)
Linum campanulatum | Justicidin B lllumination, Higher lignan content:
(Callus, Suspension) Kinetin, IAA, 2,4-D, |dark conditions
Succrose 1.41 % in the dark
0.40 % in light
L. leonii Agrobacterium
Hairy roots strains
L. lewisii Justicidin B Dark Justicidin B
(Callus, Suspension) between 0.16-0.30%
Linum nodiflorum 6MPTOX lllumination Light: 0.6 %
(Suspension) Dark: trace amounts
Linum tauricum ssp. | 4'-Demethyl-6- Phytohormones Suspension: 4 mg/l NAA,
tauricum MPTOX Methyl jasmonate maximal production of 4'-
(Suspension, Shoots, | 6MPTOX Agrobacterium demethyl-6-methoxy-
Callus, Hairy roots) strains podophyllotoxin (2.16
mg/g dw)
Callus: 0.1mg/l 2,4-D,
0.2mg/l IAA, 2.0mgl/l
Kinetin: maximal
production of 6-methoxy-
podophyllotoxin
(3.99 mg/g dw)
Podophyllum PTOX lllumination Light: 0.03%
hexandrum Dark: 0.09%
(Suspension)
Podophyllum PTOX Phytohormones 2,4-D + Kinetin: 0.077%
hexandrum
(Callus)
Podophyllum PTOX Mathematical Improvement to 48.8 mg/I
hexandrum model for PTOX, corresponding
(Suspension, 3I- developing volumetric productivity of
stirred-tank nutritient-feeding 0.80 mg/l per day
bioreactor) strategies, low
shear conditions in
fed-batch modes of
operation,
prolonging the
productive log-
phase of
cultivation.
Podophyllum PTOX pH, pH 6.0
hexandrum Phytohormones, IAA: 1.25 mgl/l
(Suspension) Carbon source, Glucose 72 g/l
Inoculum Inoculum level: 8 g/l
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Podophyllum PTOX Sugar, Nitrogen MS medium, NH,"Salts:
hexandrum source, Phosphate | Nitrate: 1:2, 60 g/l
(Suspension) Glucose: highest growth
and PTOX accumulation
Podophyllum peltatum | PTOX Red light (660 nm) | Enhancement of
(Callus) Carbon source production in red light
Phytohormones Sucrose: 0.057%

Maltose: 0.023%
2,4-D + Kinetin: 0.57%

Rollinia mucosa Furofuranic Origin of plant Foliar blade explants:
(Jacq.) Bail. (Callus) lignans: material, Explant biomass, synthesis
Epigambin, type, Growth enhancement;
Magnolin, regulators (2,4-D, PIC: best biomass
Epiyangambin NAA, BA, PIC) production;
NAA, 2,4-D:

Epiyangambin, Magnolin
(dependent on explant
source);

PIC: Epiyangambin:
Calli from foliar blade

* (The Data are cited in Vasilev and lonkova, 2005; lonkova et al., 2006, 2007; Konuklugil et
al., 2007; Vasilev et al., 2008).

Selection of high producing strains

A cell line of Linum album, accumulating mainly PTOX at a level of 0.2% on dry mass
basis was reported by Empt ef al. (2000). With this cell line, about 28 mg PTOX can be
produced in 11 of culture medium in 11 days (Petersen and Alfermann, 2001).

Development of differentiated and transformed cultures

A 14-day old hairy root culture of Linum album Kotschy. (Linaceae) was reported to
produce about 2.5% of 6MPTOX on dry mass basis (Windhovel et al., 2003). A hairy root
culture of L. austriacum L. was reported by Mohagheghzadeh er al. (2002), which
synthesized the arylnaphthalene lignans justicidin B and isojusticidin B. Hairy root cultures
of Linum leonii, obtained by genetic transformation using the agropine-type strain
Agrobacterium rhizogenes 15834, accumulate justicidin B (Vasilev et al., 2006b). The
products encoded by rol A and rol C genes were found to have a synergistic effect on root
induction and to induce increased sensitivity to auxin. The transformation of these genes
from A. rhizogenes into the hairy root was checked by PCR (polymerase chain reaction).
Proof of transformation was given by the PCR products showing that ro/ A and rol C genes
were present in the hairy roots of L. leonii. Genetically modified hairy roots produced 5-
fold higher yields of justicidin B (10.8 mg/g DW) compared to untreated callus (Vasilev
and Ionkova, 2005) and show that differentiated roots produce higher amounts of
secondary compound. This suggests that this technique may be used to enhance the
accumulation of justicidin B. In addition to the production, we investigated the cytotoxic
effect of justicidin B in three chronic human myeloid leukaemia-derived cell lines (LAMA-
84, K-562 and SKW-3), that show a lower responsiveness to cytotoxic drugs due to a
strong expression of the fusion oncoprotein BCR-ABL (a non-receptor tyrosine kinase).
ICso values of justicidin B were 1.1, 6.1 and 1.5 uM for the chronic myeloid leukaemia
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(LAMA-84), pre-B-cell lymphoma (K-562) and chronic lymphoid leukaemia (SKW) cell
lines respectively. These 1Csy were comparable to the anticancer drug etoposide (a semi-
synthetic lignan derivative).

Influence of stress factors

The influence of methyl jasmonate has been reported on pinoresinol and matairesinol
production in Forsythia X intermedia Zab. (Oleaceae) suspension culture (Dewick, 1994).
In a medium, containing 2% sucrose, the amount of pinoresinol was increased eightfold
(0.058+0.015mg/g dry mass), matairesinol about fivefold (0.029+0.026 mg/g dry mass). In
a medium containing 6% sucrose, pinoresinol was enhanced to 0.086+0.19 mg/g dry mass
and matairesinol to 2.24+1.00mg/g dry mass. The accumulation of PTOX and 6MPTOX
was enhanced about twofold, expressed on dry mass basis in a given cell line of suspension
culture of Linum album after the addition of methyl jasmonate, by 7.69+1.45 mg/g dry
mass and 1.11+0.09mg/g dry mass respectively (Van Furden et al., 2005). The PTOX
production of Juniperus chinensis L. (Cupressaceae) callus culture was stimulated to 6.4-
fold by addition of COS (chito-oligosaccharides), a biotic elicitor with most active
component chitopentaose, detected by HPLC (Premjet et al., 2002). The concentration 100
uM of the elicitor methyl jasmonate in the nutrition medium of suspension of Linum
tauricum ssp. tauricum, leads to substantial increase of the levels of lignans 4'DM-
6MPTOX and 6MPTOX from traces, reaching a maximum of 0.1180 mg/g dw and 0.1250
mg/g dw respectively. The results (lonkova et al., 2006) indicate that addition of
extracellular methyl jasmonate can not only increase the biosynthesis of both 4’'DM-
6MPTOX and 6MPTOX in a L. tauricum ssp. tauricum suspension culture, but also change
the ratio of both compounds, in comparison with the intact plant and callus cultures,
towards the more pharmacologically valuable 4-DM-6MPTOX (Vasilev et al., 2005a).

Feeding of precursors and/or biotransformation

Coniferin feeding to in vitro culture to produce PTOX derivatives has been reported in
literature (Van Uden ef al., 1990a; Woerdenbag et al., 1990). Levels of PTOX increased
13- to 56-fold after application of coniferin. The initiation of Linum flavum L. hairy roots
was reported by Han-wei Lin ef al. (2003a) as a source of coniferin. Significant variation
was reported for its accumulation between hairy root lines, originating from different L.
flavum seedlings and/or A. rhizogenes strains. After culturing the roots in Linsmaier and
Skoog medium (LS) with 2,4-D (2,4-dichlorophenoxyacetic acid) and NAA
(naphthalenacetic acid) as growth regulators coniferin reached 58 mg/g dry mass. Another
experiment is the cross species co-culture of L. album hairy roots, as a source of coniferin,
and Podophyllum hexandrum cell suspensions (Lin et al, 2003b). Increasing PTOX
concentrations in coculture was observed.

Feeding of coniferin led to fast increase of pinoresinol content, and no influence on
matairesinol synthesis in Forsythia X intermedia suspension culture (Schmidt and Petersen,
2002). Feeding of phenylalanine and coniferyl alcohol in Juniperus chinensis callus
culture, led to 3.6- and 2.2- fold increase of PTOX, respectively (Premjet ef al., 2002).

Certain enzymes of podophyllotoxin biosynthetic pathway have been isolated and
characterized and podophyllotoxin and 6MPTOX have been established to be stored in the
vacuole (Schmidt and Petersen, 2002). Elucidation in details of the biosynthetic pathway of
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PTOX, isolating all enzymes and genes responsible for their encoding, would lead to new
strategies for enhancement of the yields of this valuable substance by means of a
combination of biotechnological and biochemical methods.

A novel system for the production of 2,7'-cyclolignans was recently demonstrated.
Deoxypodophyllotoxin is stereoselectively converted into epipodophyllotoxin by
recombinant human cytochrome P450 3A4 (CYP3A4). CYP3A4 is the main human
metabolizing enzyme. As a new biotechnological alternative, recently we described the
successful stereoselective hydroxylation of deoxypodophyllotoxin by recombinant
CYP3A4 in Escherichia coli. Epipodophyllotoxin (Fig. 9.3) has been detected as the only
metabolite in yields up to 90% (Vasilev et al., 2006a). Therefore, the heterologous
expression of CYP3A4 in E. coli presents an interesting alternative for the large-scale
production of epipodophyllotoxin.
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Fig. 9.3. Stereoselective hydroxylation of deoxypodophyllotoxin by recombinant
CYP3A4 in Escherichia coli to epipodophyllotoxin.

Conclusion

Results, summarized in Table 9.1 and Table 9.2, show that a broad range of experiments
have been carried out, resulting in enhancement of lignan production in in vitro cultures.
Cell cultures of different plant species are shown to produce considerable amounts of
lignans. Although both PTOX and MPTOX have comparable cytotoxic activity, due to the
different substitution in position 6 MPTOX is not used for the production of anticancer
drugs (Kuhlmann ez al., 2002). Since PTOX is the preferred precursor for the semi-
synthesis of anticancer drugs like etoposide and etopophos®, the accumulation of
predominantly PTOX is especially interesting. L. tauricum ssp. linearifolium is now beside
L. album and L. persicum the third Linum species of section Syllinum with PTOX as the
main lignan (Ionkova et al., 2007).

Development of differentiated cultures as a general rule results in higher production of
active substances. This approach however is not economically feasible for scale-up of
production, as it encounters problems of in vitro cultivation and processing of great
biomass and longer growth periods than undifferentiated cultures. For this reason,
differentiated cultures are usually not used for in vitro production of lignans. An efficient
alternative of differentiated cultures are the genetically transformed, hairy roots cultures.
Their advantage is the shorter cycle (10-14 day), combined with the state of differentiation
which makes possible the stable production of active substances. Stress factors as biotic
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(chito-oligosaccharides (COS) in Juniperus chinensis) and abiotic elicitors (methyl
jasmonate in Forsythia X intermedia, Linum tauricum ssp. tauricum) have been
demonstrated to enhance production of lignans. The feeding of a cheaper precursor as
phenylalanine, coniferin and coniferil alcohol in plant cell and tissue cultures of lignin-
producing plants, results in higher levels of production, as plant cells represent a ‘ready’
and organized system for bioprocessing and synthesis of target compounds.

A new biotechnological alternative is the successful stereoselective hydroxylation of
deoxypodophyllotoxin by recombinant CYP3A4 in Escherichia coli to epipodophyllotoxin
(Vasilev et al., 2006a), the direct precursor for the semi-synthesis of anticancer drugs
etoposide (VP-16) and teniposide (VM-26).

Due to the pharmaceutical importance and the low content in the plants the present
review focuses on alternative production systems for podophyllotoxin and related lignans.
Accumulation of lignans in plant tissue and organ cultures has been discussed based on the
work of different authors. A survey of literature data has shown positive results in
experiments with optimization of conditions of culturing, selection of high producing cell
lines, influence of stress factors and feeding of precursors in plant in vitro cultures for the
enhancement of production of lignans.

Recently, the interest of international pharmaceutical industries has been directed more
and more to plant based anticancer compounds. In this case, it has been shown that
production of podophyllotoxin and related lignans in cell cultures is possible. We believe
that cell cultures of different plants as a source of biologically active lignans can play a role
in this respect.

Abbreviations

PTOX - podophyllotoxin, 6MPTOX - 6-methoxypodophyllotoxin; DPTOX —
deoxypodophyllotoxin; 4'DM-6MPTOX - 4'-demethyl-6-MPTOX; HR — hairy root
cultures.
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Chapter 10

Hairy Root Culture: Copying Nature in New
Bioprocesses

Milen I. Georgiev, Jutta Ludwig-Miiller and Thomas Bley

Copying Nature: Transformation with Agrobacterium rhizogenes

Conventional cell cultures need to be sustained using plant growth hormones, but this is not
necessary after transformation of plants with Agrobacterium rhizogenes, which leads to the
production of ‘hairy roots’ that do not normally need exogenous hormones and can grow
indefinitely. In addition, such cultures may produce different metabolites from cell cultures,
and they have much greater resemblance to the root system of a normal plant, i.e.
morphologically A. rhizogenes-induced hairy roots are very similar to wild-type roots,
except that they are more branched, agravitropic and their root hairs are longer and more
numerous (Veena and Taylor, 2007). In addition, since there is still concern about
transgenic plants, if the Agrobacteria used for the transformation are not transformed with
foreign DNA (see the section on metabolic engineering), these cultures may be more
readily accepted than possible transgenic alternatives. Furthermore, production of hairy
roots is less time consuming than most transformation procedures for whole plants.

A wide range of plants can be transformed with Agrobacterium, including numerous
dicot and monocot angiosperm species (Gelvin, 2003; Li and Leung, 2003) and
gymnosperms (Li and Leung, 2003; McAfee et al., 1993; Yibrah et al., 1996). However,
the outcome of transformation/infection in nature varies between Agrobacterium species.
While A. tumefaciens causes the widely distributed crown gall disease, A. rhizogenes
infection leads (as mentioned above) to hairy root formation. In the laboratory, so-called
disarmed vectors without the tumour-inducing genes, but containing the genes of interest to
be introduced into the target plant, are used for 4. tumefaciens transformation (Tzfira and
Citovsky, 2006). In contrast, when plants are transformed with 4. rhizogenes, the rol genes
(see below) are still present, which facilitates the generation of the root cultures (either with
or without foreign DNA, see section on metabolic engineering).

The molecular mechanism of hairy root induction is not completely understood (Veena
and Taylor, 2007; Georgiev et al., 2008). However, the transferred DNA (T-DNA) is
known to be a segment of the Agrobacterium Ri-plasmid. Hairy root formation in plants
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infected with A. rhizogenes is not thought to be dependent on changes in the
phytohormonal balance in plant cells, probably because the cells become more sensitive to
auxins (Nilsson and Olsson, 1997; Altamura, 2004). It should be noted that Park and
Facchini (2000) found that although hairy root cultures should, in theory, be able to grow
without exogenous plant hormones, the growth rates of transformed roots of two species,
opium poppy and Californian poppy, was improved by the addition of auxin to the liquid
culture medium. Exogenous application of auxin can also reportedly stimulate growth in
hairy root cultures of Lippia dulcis Trev. (Sauerwein et al., 1991). The minimum doubling
times, of approximately 2 weeks for California poppy and 3—4 weeks for opium poppy hairy
root cultures are comparable to those of other species (Loyola-Vargas and Miranda-Ham,
1995).

The products of the four rol/ (4, B, C and D) genes play key roles in hairy root
formation, but the ro/B gene appears to be the most important in hairy root induction, since
loss-of-function mutation at this locus renders the plasmid avirulent (Nilsson and Olsson,
1997; Altamura, 2004). Further, when rolB is introduced into the host plant genome as a
single gene, it is capable of hairy root induction (Altamura, 2004). Auxin has been
proposed to be synthesized from tryptophan (Trp) by a two-step reaction in hairy roots,
because Trp can be converted by the aux/ gene product tryptophan monooxygenase to
indole-3-acetamide (IAM), which is then converted by indoleacetamide hydrolase, the aux?2
gene product, to auxin (indole-3-acetic acid; IAA) (Thomashow et al., 1984; Offringa ef al.,
1986). However, very recently it was shown that introduction of the rolABCD genes alone
does not affect the auxin requirement of tobacco BY-2 cells. Instead, the aux/ and aux?2
genes, rather than the 70/ABCD genes, appear to be responsible for the auxin autotrophy of
these transgenic lines (Nemoto et al., 2009). These findings, together with older reports
(see above), imply that although the rolABCD genes may be sufficient to generate hairy-
root tumours, they are irrelevant to auxin autotrophy. A further interesting observation was
made by Nemoto er al. (2009), that the BY-2 cells were able to grow without
supplementary auxin even when only the aux/ gene was present, suggesting that there
might be plant enzymes capable of catalyzing the amidase reaction. Accordingly, Pollmann
et al. (2003) found an amidase in Arabidopsis and Ishikawa et al. (2007) reported that
amidase genes are present in Brassica sp., so such genes may be quite ubiquitous, and
could contribute to the increased auxin levels in hairy root cultures. Understanding the
mechanisms that lead to rhizogenesis may also be useful for establishing faster growing
cultures in sub-optimal culture conditions, e.g. in bioreactors (see the section on
bioprocessing). However, auxin production can also have effects on secondary metabolite
production, which need to be taken into account. For example, Rischer et al. (2006) found
that addition of auxin to cell cultures of Catharanthus roseus inhibited accumulation of the
terpenoid indole alkaloid ajmalicine, but stimulated the accumulation of other alkaloid
metabolites, such as tabersonine and catharanthine, and when methyl jasmonate (MeJA)
was added to auxin-treated cells it restored their ability to produce all alkaloids. Such
responses may also occur in hairy roots, which already produce auxin via the aux genes,
and possibly change the desired metabolic pattern. Since the rol genes alone are sufficient
to induce hairy roots, the aux genes may warrant further consideration before planned
transformations. However, the ro/ genes themselves can also influence secondary
metabolite production. For instance, Palazon et al. (1997) observed striking differences in
nicotine production between transgenic root lines of tobacco transformed with the rolA4,
rolB and rolC genes singly and in combination. While the 70/C gene strongly stimulated
alkaloid production indirectly, by increasing growth, the rol4 gene stimulated it mainly by
a direct effect. Further, the presence of rolA, rolB and rolC together dramatically enhanced
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both the growth rate and nicotine production, showing that the effects of these three rol
genes were synergistic.

Besides transformation via A. rhizogenes, it should be noted that there are alternative
approaches for producing hairy root cultures, i.e. establishment of root cultures from
mutants with a hairy root phenotype. For example, Suzuki et al. (2008) developed an
alternative root culture system using an allelic mutant of Arabidopsis thaliana superroot 1
(surl). When the mutant was cultured in liquid medium developed for hairy root cultures, it
grew rapidly, developing a globular, rooty phenotype and was easily subcultured in the
medium. This mutant is advantageous because the rooty phenotype is recessive, hence the
desired characteristics can likely be maintained via seeds. Crossing heterozygous sur/
plants with fatty acid desaturase mutants in the cited study by Suzuki et al. (2008) resulted
in the accumulation of high amounts of oleic acid and linolenic acid, indicating that the
surl root culture system is an alternative tool for the production of useful compounds in
roots.

The long-term maintenance of induced hairy root strains is of both practical and
financial significance. Usually, transformed root cultures, grown on solid media are
subcultured every 3—4 weeks. However this is expensive in terms of time, labour and
resources, with consequently high risks of contamination and eventual loss of the original
strains. Conservation of the original strains by cryopreservation could avoid these
problems. However, despite the progress made in the last decade on cryopreservation of
plant material, there have been few reports on the cryopreservation of hairy root cultures
(Lambert et al., 2009). Generally the main approaches used for cryopreservation of plant
tissues and organs include slow cooling, vitrification, encapsulation-dehydration and
encapsulation-vitrification, the last two of these appear to be most effective (Xue et al.,
2008). Lambert et al. (2009) studied the potential applicability of encapsulation in calcium-
alginate beads (containing 0.1 M sucrose), followed by dehydration (in air streams, to 35%
of the initial mass) for hairy root cultures of Maesa lanceolata and Medicago truncatula
and established survival rates of 90% and 53%, respectively, which was concluded to be
sufficient for large-scale purposes.

Applications of Transformed Root Cultures

Currently, the main applications of transformed root cultures include production of high-
value metabolites and biotransformation, phytoremediation, regeneration of whole plants
and production of artificial seeds (Giri et al., 2001; Guillon et al., 2006). Plant regeneration
and artificial seed production are beyond the scope of this chapter and, thus, will not be
further considered here. Further applications include their use in detailed studies of
fundamental molecular, genetic and biochemical aspects of genetic transformation and
hairy root induction.

Production of metabolites

The enormous biosynthetic potential of hairy root cultures was largely neglected for years,
in which investigations mainly focused on the mechanisms underlying the hairy root
syndrome. Nowadays, transformed root cultures receive more attention as technological
objects for production of valuable metabolites, for which they have several attractive
features, including high genetic and biochemical stability, and relatively fast growth rates in
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hormone-free media (Georgiev et al., 2007). Figure 10.1 shows the structures of some high-
value metabolites that can be produced by transformed root cultures, including anticancer
(paclitaxel, podophyllotoxin, camptothecin, justicidine B and berberine), antimalarial
(artemisinin), and anti-inflammatory (harpagoside) substances.

To illustrate the economic potential of substances from natural sources, Potterat and
Hamburger (2008) noted that over 60% of all anti-cancer drugs are of natural origin, and
that annual sales of such drugs exceed several billion US dollars. In 1971 Wall and Wani
reported the isolation of paclitaxel from the stem bark of the pacific yew Taxus brevifolia.
Paclitaxel (a complex diterpenoid that is the active ingredient of Taxol™) has received
considerable attention because of its activity against various kinds of cancer, inter alia
breast cancer, ovarian cancer, AIDS-related Kaposi’s sarcoma, and non-small cell lung
cancer. The annual sales of paclitaxel and related taxanes in 2004 exceeded 2 billion US
dollars (Tabata, 2004). Obtaining commercial supplies of paclitaxel from natural sources is
not economically feasible because the source Taxus plants grow very slowly, and their
paclitaxel contents are very low (~0.01% of the dry weight of the bark, where levels are
highest). Tabata (2004) calculated that a 100-year-old yew tree would yield just 300 mg of
the compound. The total synthesis of paclitaxel has been achieved, but this too is not
economically viable. Therefore, paclitaxel is now produced commercially in large-scale
plant cell suspension cultures (by Phyton and Samyang Genex Corporation), in one of the
most remarkable examples of the potential value of plant in vitro culture. Hairy root
cultures of Taxus x media var. Hicksii have also been found to produce paclitaxel at
amounts of 69 pg/g dry weight. Further, Furmanowa and Syklowska-Baranek (2000) found
that the content of paclitaxel in transformed roots can be enhanced through elicitation with
MeJA; a week after addition of 100 uM MeJA the paclitaxel content increased to 210 ug/g
dry weight. Another compound that is produced by transformed root cultures (of
Ophiorrhiza mungos) is camptothecin, an alkaloid with anticancer activities, in amounts
(~0.3% per unit dry weight) significantly exceeding those obtained from cell suspension
cultures (~0.01% per unit dry weight) of the same species (Wink ez al., 2005).

Podophyllotoxin, a lignan with antimitotic activity, and the closely related 6-
methoxypodophyllotoxin are also accumulated in hairy root cultures, of Linum album and
L. persicum (Wink et al., 2005). Therapeutic application of podophyllotoxins is hampered
due to severe side effects. However, they serve as useful bases for production of the
semisynthetic etoposide and teniposide, which have found clinical use for the treatment of
various cancers (Potterat and Hamburger, 2008).

In addition, Vasilev et al. (2006) recently reported the production of justicidine B (an
arylnaphthalene lignan with cytotoxic, antiviral, fungicidal, antiprotozoal and antiplatelet
properties) by transformed root cultures of L. leonii. After two weeks of submerged
cultivation the justicidine B content reached 10.8 mg/g dry; 5-fold higher than yields from a
callus culture of the same species. Berberine (an alkaloid with anti-inflammatory and
antimicrobial activities, which was recently also found to possess anticancer properties)
was also found to accumulate at higher amounts in transformed root cultures of
Phellodendron chinense than in the callus cultures of the same species. All of these studies
support the hypothesis that the biosynthesis of some metabolites (e.g. alkaloids) is
associated with organogenesis.



160 Hairy Root Culture

OH
(0] —\
I T
0
O
MeO l OMe

OMe

Paclitaxel Podophyllotoxin

Berberine Arlemisinin Camptothecin
OCHj,3 HOHO
S
o St
/
0 Q 8 Glucose
0

Justicidine B Harpagoside

Fig. 10.1. Chemical structures of valuable metabolites produced by transformed root

cultures.

Finally, for this section, artemisinin (a sesquiterpene lactone produced by Artemisia
annua;, Fig. 10.1) is highly active against the parasitic protozoa of the genus Plasmodium
that cause malaria, but it has low toxicity to humans. Malaria is a very common and
virulent tropical disease, causing ~2 million deaths (mainly of infants and young children)
amongst 300-500 million cases per year (Potterat and Hamburger, 2008). When extracted
from the plant yields of artemisinin are very low (0.01-0.8%), making large-scale
production costly (Potterat and Hamburger, 2008). However, Kim et al. (2001) examined
artemisinin production by transformed root cultures of 4. annua, and obtained yields up to
2.64 ug/g, and ca. ~3-fold higher levels from cultivation in mist reactors than in bubble
column reactors.
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Biotransformation

Biotransformation refers to the chemical modification of the molecular structure of organic
compounds, by microorganisms, plant in vitro systems or enzymes. Plant in vitro systems
can perform a wide range of reactions, such as glucosylation, hydroxylation, reduction of
carbon double bonds (C = C), hydrolysis, epoxidation and many others (Giri ef al., 2001).
Glucosylation reactions are of particular interest in this respect because they facilitate the
conversion of water-insoluble compounds (e.g. phenols, phenylpropanoid acid or their
analogues) to water-soluble compounds (Giri et al., 2001). More specifically, in an analysis
by Faria et al. (2009) of the capacity of Anethum graveolens hairy roots to transform
menthol and geraniol, neither of these monoterpenes adversely affected growth of the roots,
menthyl acetate was formed following menthol addition and ten new biotransformation
products appeared following geraniol addition (including the alcohol linalool and the
aldehyde geranial). In another example of the biotransformation capacity of hairy root
cultures, Chen et al. (2008) observed regiospecific glucosylation of three isomers of
hydroxybenzoic acid (p-, m- and o-hydroxybenzoic acid) in hairy root cultures of Panax
ginseng. p-Hydroxybenzoic acid and m-hydroxybenzoic acid were converted into their
corresponding glycosides and glycosyl esters, but no metabolite of o-hydroxybenzoic acid
was detected.

Phytoremediation

In phytoremediation plants and/or plant in vitro systems (e.g. hairy root cultures) are used
to remove, or reduce the concentrations of, toxic organic pollutants or to absorb and
accumulate heavy metals (Oller et al., 2005; Guillon et al., 2006). Use of plants or plant
cultures has considerable advantages for these purposes, including the scope to use them in
situ or ex situ and their environmental acceptability (Oller et al., 2005). Most successful
applications of hairy root cultures for phytoremediation have been for removing phenol
(Table 10.1), since the process is mainly catalyzed by peroxidases, which are produced
abundantly by hairy roots. Furthermore, Alderete et al. (2009) recently reported the
production of transgenic Nicotiana tabacum hairy roots, expressing heterologous basic
peroxidases, with removal efficiencies that were significantly higher than those of control
‘wild type’ hairy roots.

Another major application of phytoremediation with hairy roots is for heavy metal
detoxication. The exploitation of plants and plant in vitro systems to remove toxic heavy
metals from the environment is currently of considerable commercial interest. Of particular
importance for such uses are hyperaccumulator plants/in vitro systems, which are capable
of taking up and storing elevated concentrations of heavy metals (Cd, Hg, Ag, Pb, Cu, Zn
etc.), without displaying symptoms of severe metal toxicity or cell damage (Boominathan
and Doran, 2003). Hairy roots of Daucus carota have been found to be sensitive to uranium
exposure by Straczek et al. (2009), but their study provides further insights for application
of hairy root cultures for phytomining purposes.

In confirmation, Boominathan and Doran (2003) observed that hairy roots of Thlaspi
caerulescens are hyperaccumulators of Cd ions, since exposure to 178 uM Cd neither
suppressed their growth, nor significantly enhanced their H,O, levels. In addition, 300-fold
greater constitutive catalase activity was detected in the hairy roots of 7. caerulescens (than
in N. tabacum), illustrating the further scope for overexpressing catalase and/or superoxide
dismutase in order to improve Cd tolerance (Boominathan and Doran, 2003).
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Table 10.1. Selected examples of phytoremediation and metal accumulation by hairy root

cultures.

Hairy root culture | Organic or Enzyme(s) involved Reference
inorganic
pollutant

Lycopersicon Phenol Peroxidase Gonzales et al.,

esculentum 2006

Brassica napus Phenol Peroxidase Coniglio et al.,

2008

Daucus carota, Phenol and Peroxidase Santos de

Ipomoea batatas, chlorophenols Araujo et al.,

Solanum aviculare 2006

Armoracia Acetaminophen P450 monooxygenase; Huber et al.,

rusticana (paracetamol) Glutathione S-transferases | 2009

Brassica napus Prochiral Dehydrogenases Orden et al.,
diketones 2006

Solanum nigrum Polychlorinated - Rezek et al.,
bisphenyls 2007

Helianthus annuus Tetracycline, - Gujarathi et al.,
Oxytetracycline 2005

Daucus carota Uranium - Straczek et al.,

2009
Thilaspi Cadmium Catalase Boominathan
caerulescens and Doran, 2003

Metabolic Engineering

While production of naturally occurring metabolites in tissue cultures can be elicited by
various signalling molecules, or simply by the presence of A. rhizogenes genes from the
TL-DNA (see the section on transformation with 4. rhizogenes), it may also be desirable to
modify the genetic features of hairy root cultures so that a targeted metabolite can be
produced in higher amounts if there is a rate-limiting step in its production pathway.
However, such a strategy requires thorough knowledge of the pathway(s) leading to the
desired metabolite, and other pathways that may compete for precursors or intermediates to
avoid potentially adverse secondary effects if a necessary precursor such as an amino acid
is depleted (see, for instance, Verpoorte et al., 2000). Other potential factors to be
considered include: (i) feedback inhibition of enzymes in the pathway; (ii) the availability
of cofactors; and (iii) differences in the compartmentation of enzymes and substrates, and
hence the possible need to transport an intermediate to another compartment (see Fig.
10.2A). However, it is also possible to block pathways competing for intermediates. In the
schematic diagram presented in Fig. 10.2A, for instance, the precursor is converted to
intermediate A which is not rate-limiting. However, if the next step (conversion of A to B)
would be rate limiting, then increasing the levels of enzymes that catalyze the conversion of
A to B would increase the amount of intermediate B. It might also be helpful to increase
levels of intermediate A by adding the compound. Intermediate B is then converted to C
(not rate-limiting), but B is also a precursor for metabolite K. Hence, it would be desirable
to reduce production of K, by either blocking the reaction chemically or using antisense
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approaches. Alternatively, the expression (or dosage) of the gene encoding the protein
required for conversion of B to C could be increased. Metabolite C might have to be
transported to a different compartment, which could lead to a drop in the concentration of
C. A solution could be to start engineering the pathway after the transport step. In addition,
high rates of synthesis of the end product D could require an additional cofactor. It is also
possible that the end product (or an intermediate) could reduce production of one of the
important rate-limiting intermediates (e.g. B) by feedback inhibition, if so steps should be
taken to prevent this happening.

Strategies for genetic engineering of more complex pathways could also include: (i)
heterologous gene expression to produce compounds that are not normally produced from a
precursor molecule present in the given species (see below); (ii) antisense inhibition or co-
suppression (RNAi) of alternative pathways; (iii) expression of multiple genes in a
pathway; and (iv) expression of genes encoding transcription factors that regulate multiple
steps in a pathway (Fig. 10.2B).

The potential utility of the last of these approaches has been demonstrated in a study
where the efficiency of the maize Sn gene, which transactivates the anthocyanin pathway in
various tissues, for regulating anthocyanin biosynthesis in several dicotyledonous species
was tested using transformed root cultures (Damiani ef al., 1998). The Sr gene was found to
be capable of inducing anthocyanin biosynthesis in some heterologous roots, such as
lucerne (Medicago sativa L.) and lotus (Lotus angustissimus L.), but not in others, such as
petunia (Petunia hybrida L.).

Knowledge of control factors that could be easily transferred to hairy root cultures has
been obtained in several studies, including the following. Conserved regulatory elements in
the strictosidine synthase promoter have been used to isolate various regulatory genes that
control JA-inducible expression of monoterpene indole alkaloid (MIA) biosynthesis in C.
roseus cell cultures (Memelink and Gantet, 2007). In another study, T-DNA activation
tagging led to the identification of the cDNA encoding the transcription factor ORCA3 (van
der Fits and Memelink, 2000), which regulates several early steps in monoterpene indole
alkaloid biosynthesis, and over-expression of ORCA3 in transformed C. roseus cell
cultures increased the expression of several MIA pathway genes. Interestingly, treating C.
roseus cell cultures with JA resulted in a post-translational modification of ORCA3,
possibly via phosphorylation (Memelink and Gantet, 2007).

Genetically engineered root cultures have also been used as model systems to study
various aspects of the metabolic and molecular regulation of several natural product
pathways. For example, expression of a cDNA encoding Antirrhinum majus L.
dihydroflavonol reductase in hairy roots of Lotus corniculatus L. caused an increase in the
content, and alteration in the structure, of condensed tannins in a manner consistent with the
substrate specificity of the transgene product (Bavage et al., 1997).

In addition, the same precursor can sometimes be used for the production of several
different metabolites, e.g. tryptophan can be converted to either indole glucosinolates or
tryptamine in canola (De Luca, 2000), the latter leading to the desired terpenoid indole
alkaloids, while coumaryl-CoA and malonyl-CoA can be substrates for either stilbene
synthase or chalcone synthase, leading to resveratrol and flavonol/anthocyanidin
production, respectively (Hain and Grimmig, 2000). Sometimes it is sufficient to
overexpress genes encoding a single key enzyme in the pathway (see above), notably genes
encoding hyoscyamine 6B-hydroxylase (Table 10.2), which catalyzes the conversion of
hyoscyamine to the medicinally important scopolamine (Yun et al., 1992).

An engineered A. rhizogenes strain, harbouring the 35S-H6H gene construct, was
introduced into Hyoscyamus muticus by Jouhikainen ef al. (1999), and into hyoscyamine-
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rich hairy roots of Atropa belladonna L. by Hashimoto et al. (1993), leading to almost
exclusive production of scopolamine and increased yields in both species. Using the same
approach, Palazon ef al. (2003b) transformed Duboisia hybrids, selected for initially high
scopolamine contents, using A. rhizogenes carrying the 35S-H6H construct and further
regenerated plants with even higher scopolamine contents.

Similarly, Moyano et al. (2007) reported the establishment of an N. tabacum cell
suspension culture, containing the 35S-H6H gene from Hyoscyamus niger, which showed
considerable capacity for the bioconversion of hyoscyamine into scopolamine. This
approach has also been used to alter levels of alkaloids normally produced in roots via the
expression of yeast, rather than plant, genes. In one such study, a yeast cDNA encoding
ornithine decarboxylase (ODC) was introduced into Nicotiana rustica L. hairy roots using
an Agrobacterium-derived vector (Hamill et al., 1990). Although the hairy root cultures
produced more nicotine than wild-type roots, the increase in ODC activity was
proportionately higher than the increase in nicotine levels, suggesting that ornithine
decarboxylation is not a rate-determining step in the nicotine pathway. In addition,
transformed Lithospermum erythrorhizon root cultures expressing a bacterial gene encoding
chorismate pyruvate-lyase, which converts chorismate to the shikonin precursor 4-
hydroxybenzoate (4HB), did not produce higher levels of shikonin (Sommer ef al., 1999).
These results suggest that the availability of 4HB does not normally limit the biosynthesis
of shikonin.

Cinchona officinalis hairy roots constitutively expressing constructs of cDNAs
encoding the enzymes tryptophan decarboxylase and strictosidine synthase from
Catharanthus roseus, two key enzymes in terpenoid indole and quinoline alkaloid
biosynthesis, have high amounts of tryptamine and strictosidine, as well as quinine and
quinidine (Geerlings et al., 1999). These findings show that genetic engineering with
multiple genes is certainly feasible in hairy roots of C. officinalis. Similarly, the
introduction of a heterologous tryptophan decarboxylase gene into hairy root cultures of
Peganum harmala (Table 10.2) resulted in the accumulation of two biosynthetically related,
tryptamine-derived secondary metabolites: serotonin and B-carboline alkaloids (Berlin et
al., 1993). Although serotonin accumulation in transgenic root cultures with elevated TDC
activity was higher than in control cultures, B-carboline alkaloid levels were not affected;
thus, the tryptamine supply was shown to be limiting for serotonin, but not for p-carboline
alkaloid, biosynthesis. In some cases it might therefore be necessary to augment the
medium with a precursor to obtain higher yields. For example, terpenoid indole alkaloid
production in transgenic Catharanthus roseus cells can be stimulated by addition of the
precursor loganin (Canel et al., 1998; Whitmer et al., 1998), and transformed hairy root
cultures would likely respond in a similar manner. In accordance with this hypothesis, C.
roseus hairy root cultures expressing various forms of anthranilate synthase and/or TDC
exhibited higher fluxes through the tryptophan branch of the monoterpene indole alkaloid
pathway in a study by Hughes et al. (2004). Hairy root cultures expressing these genes
under the control of constitutive or inducible promoters accumulated higher levels of
tryptamine than alkaloids. In another attempt to alter the isoprenoid pathway, a hamster 3-
hydroxy-3-methylglutaryl CoA reductase gene was expressed in hairy roots and a line was
generated that accumulated up to seven-fold higher levels of serpentine than controls.
However, no effects on catharanthine levels were detected (Ayora-Talavera ef al., 2002). In
addition, the genetic engineering and expression of the enzyme catalyzing the terminal step
of vindoline biosynthesis, deacetylvindoline-4-O-acetyltransferase (DAT), in Catharanthus
roseus hairy root cultures has been recently reported (Magnotta et al., 2007). C. roseus
produces the powerful anticancer drugs vinblastine and vincristine, both of which are
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derived from dimerization of the monoterpenoid indole alkaloids, vindoline and
catharanthine. Metabolite analysis of transgenic hairy root cultures in the cited study
established that hairy root extracts had an altered alkaloid monoterpenoid indole profile,
possibly useful for the production of the desired compounds.

Overall, there is still little detailed knowledge of complete biochemical pathways
involved in the synthesis of secondary metabolites in plants. In addition, the regulatory
features are not well understood. Therefore, progress in metabolic engineering remains
slow and is frequently hampered (Verpoorte et al., 2002; Oksman-Caldentey and Inze,
2004). For example, relatively few ESTs are available for alkaloid-producing plants, except
for tobacco, compared with the numbers available for model plants such as Arabidopsis,
rice and tomato (Facchini and De Luca, 2008). However, extensive EST databases have
now been compiled for opium poppy and C. roseus. In addition, functional genomic
approaches (including transcriptomics, proteomics and metabolomics) are being used to
accelerate comprehensive investigations of biological systems (Oksman-Caldentey and
Inze, 2004). For example, Rischer et al. (2006) recently attempted to combine genome-
wide transcript profiling and metabolic profiling (by cDNA-amplified fragment-length
polymorphism and LC-MS analysis, respectively) of MeJA-elicited Catharanthus roseus
cell cultures and identified sets of both known and previously undescribed transcript tags
(417 gene sequence tags) and metabolites (178) associated with terpenoid indole alkaloids.
The analysis and subsequent modification of such gene-to-metabolite networks seem to
provide a promising approach for adjusting plant biochemical machinery to improve the
production of useful compounds and/or new compounds with novel and/or more desirable
biological activities (Goossens and Rischer, 2007).

In addition to modifying naturally occurring pathways, the expression of completely
foreign genes can lead to the production of desired secondary metabolites. For instance, de
novo synthesis of poly(3-hydroxybutyrate) has been reported from hairy root cultures of
Beta vulgaris, transformed with A. tumefaciens, harbouring the root-inducing plasmid
pRi15834 together with the pBI ABC plasmid containing the phad, phaB and phaC genes
of Cupriavidus necator (Menzel et al., 2003). High amounts of the mammalian
immunomodulator murine interleukin-12 have also been produced from transgenic
Nicotiana tabacum hairy root cultures (Table 10.2) grown in mist bioreactors (see the
section on bioprocessing).

The reports described above all present more or less successful attempts to genetically
engineer hairy root cultures in order to improve the production of targeted metabolites, but
in numerous cases overexpression of a gene encoding a specific enzyme involved in a
biosynthetic pathway of interest has not led to accumulation of the desired metabolite, and
sometimes it has even led to reductions in its production (Palazon et al, 2008 and
references cited therein). This could be desirable for a side metabolite (Fig. 10.2), but not
for the main targeted compound. The cited authors list several examples related to the
production of tropane alkaloids. One problem associated with homologous gene expression,
or even expression of a heterologous gene with high homology to native genes, is co-
suppression, as mentioned above. Moreover, secondary metabolite synthesis is highly
compartmented, thus tissue-specific expression may be required, which is not always
achieved even in hairy root cultures. In conclusion, more factors need to be considered for
successful transgenic metabolite production than merely the required genes.
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Fig. 10.2. (A) Aspects of metabolic pathways that need to be considered when manipulating
a specific pathway, starting with precursor P, by metabolic engineering, including: (1) the
rate limiting step(s), (2) addition of rate-limiting intermediates, (3) alternative pathways using
the same intermediates, (4) transport to different compartments, (5) availability of cofactors,
and (6) feedback inhibition. Bold arrows indicate overexpression of genes encoding proteins
required for the indicated steps (modified after Verpoorte et al., 2000). (B) Possibilities to
change pathways in plants by heterologous gene expression, antisense inhibition or co-
suppression of undesired pathways or the expression of genes encoding transcription
factors regulating one or several steps in the pathway. The changes compared to the wild
type situation are shown underlined.



Table 10.2. Summary of engineered hairy root cultures that have been used for secondary metabolite production.

Plant species

Gene(s) transformed

Product

Reference

Homologous genes

Hyoscyamus Hyoscyamine 6B-hydroxylase Scopolamine Jouhikainen et al., 1999

Atropa Hyoscyamine 63-hydroxylase Scopolamine Yun et al., 1992

Catharanthus Deacetylvindoline-4-O-acetyltransferase Horhammericine Magnotta et al., 2007

Catharanthus Anthranilate synthase and/or tryptophan Tryptamine Hughes et al., 2004
decarboxylase
Foreign plant genes

Duboisia Hyoscyamus h6h Scopolamine Palazon et al., 2003b

Nicotiana Hyoscyamus h6h Scopolamine Moyano et al., 2007

Lotus Antirrhinum dihydroflavonol reductase Condensed tannins Bavage et al., 1997

Peganum Catharanthus tryptophan decarboxylase Serotonin Berlin et al., 1993

Cinchona Catharanthus tryptophan decarboxylase, Tryptamine, strictosidine, Geerlings et al., 1999
strictosidine synthase quinine, quinidine

Medicago Maize Sn gene (TF) ® Anthocyanin Damiani et al., 1998

Lotus Maize Sn gene (TF) Anthocyanin Damiani et al., 1998
Foreign genes from other kingdoms

Lithospermum Bacterial ubiC Shikonin Sommer et al., 1999

Nicotiana Yeast ornithine decarboxylase Nicotine Hamill et al., 1990

Beta Bacterial poly(3-hydroxybutyrate) synthesis Poly(3-hydroxybutyrate) Menzel et al., 2003
genes

Catharanthus Hamster 3-hydroxy-3-methylglutaryl Serpentine Ayora-Talavera et al.,
CoA reductase gene 2002

Nicotiana Sequences, encoding a single-chain form of | Murine Interleukin-12 Liu et al., 2009
murine IL-12

Trichosanthes Ribosome-inactivating protein gene Ribosome-inactivating Thorup et al., 1994

protein

#TF - transcription factor

191 81mynd jooy AueH
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Bioprocessing of Hairy Root Cultures

Bioprocessing aspects of transformed root cultures for mass production of desired
metabolites have been intensively studied during the last two decades. Developing
economically feasible commercial processes requires detailed knowledge of the physiology
of the hairy root strains, understanding of the interactions of the roots with the culture
environment, and tight control of the whole process (from the solid culture stage to the end
product; Fig. 10.3).

Fig. 10.3. Hairy root culture of Harpagophytum procumbens (Devil's claw, Pedaliaceae):
from Petri dish to product formation.

An important, and in several cases limiting, stage is the bioreactor cultivation of
transformed root cultures. Diverse bioreactor configurations have been used for cultivating
transformed root cultures, including (inter alia) mechanically driven reactors (e.g. stirred
tank reactors, wave reactors and rotating drum reactors), pneumatically driven reactors (e.g.
bubble column reactors and airlift reactors) and bed reactors (e.g. trickle bed reactors and
mist reactors). It would be difficult, if not impossible, to pick any single, ideal type of
bioreactor for cultivating transformed root cultures for all purposes, although use of
ordinary, mechanically agitated reactors is not recommended because of the high stress-
sensitivity of the transformed roots (Georgiev et al., 2008).

However, slight changes in the stirred tank reactor design, such as separating the
impeller from the culture (using a stainless steel mesh) or simply reducing the agitation
speed has allowed successful cultivation of transformed root cultures of Atropa belladonna
and Beta vulgaris (Lee et al., 1999; Georgiev et al., 2006). Table 10.3 lists various types of
bioreactor that have been used to cultivate transformed root cultures of several plant
species, the final densities obtained and the biomasses productivity.

The disposable (often called single-use) wave bioreactors (which have a wave-induced
working motion that ensures mixing and aeration), originally developed for cultivating
highly stress-sensitive animal cell cultures, have been successfully modified by Prof Eibl’s
group from Switzerland for cultivating transformed root cultures from Hyoscyamus
muticus, Panax ginseng (see Table 10.3) and Harpagophytum procumbens (Eibl and Eibl,
2008; Eibl et al., 2009). The advantages of the disposable reactors over classical reactors
include tremendous flexibility, ease of handling and high biosafety (contamination levels
<1% are guaranteed; Eibl and Eibl, 2006). Thus, use of disposable bioreactors in current
Good Manufacturing Practices (cGMP) production processes can minimize complex
cleaning, sterilization, validation and process costs, with consequent reductions in
development times and times-to-market for new products (Eibl and Eibl, 2006). The
commercially available Wave reactor™ and BioWave” reactors (with 250 and 300 1
working volumes, respectively) may also facilitate the establishment of large-scale
processes (sources: www.wavebiotech.com and www.wavebiotech.net).
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Mist and trickle-bed reactors seem to offer perfect environments for cultivating
transformed root cultures. Mist reactors are types of gas-phase reactors in which ultrasonic
systems are used to spray a fine mist of water and nutrients on surfaces of hairy root
cultures (in the form of a thin film of liquid medium), which are suspended in a plastic bag.
The nutrient solution is collected at the bottom of the bag and recycled through the system.
In this way, all of the materials are completely contained and isolated from the
environment. Gas-phase reactors can virtually eliminate any oxygen deficiency in dense
root beds, while providing a low shear stress environment (Kim et al, 2002). In
experiments performed in Prof Weathers’ lab in the USA with hairy roots of 4. annua and
N. tabacum, grown in 1.5-1 and 4-1 mist reactors (respectively), biomasses of 14.4 g/l and
5.2 g/l have been attained, respectively (Table 10.3). Although, in the case with transgenic
N. tabacum the accumulated dry biomass was not considered as high, the amount of murine
interleukin-12 was higher, compared to amounts produced in other tested cultivation
systems. Ramakrishnan and Curtis (2004) reported very high growth of H. muticus hairy
roots in 14-1 trickle-bed reactors, with final biomass densities significantly exceeding
previously reported values (Table 10.3). The bioreactor characterization (experiments
performed at 1.6 1 and 14 1 scales) was sufficient for the cited authors to carry out
preliminary design calculations and they concluded that scale-up to at least 10,000 1 would
be feasible (Ramakrishnan and Curtis, 2004).

Table 10.3. Selected examples of bioreactor configurations (operated in batch mode) used
for cultivating hairy root cultures.

Bioreactor type® Hairy root Final density | Reference

culture (g DWII)/
Productivity
(g DW/l/day) ®
Mechanically driven
Stirred tank reactor (5 1) Beta vulgaris 12.9/0.68 Georgiev et al.,
2006

Stirred tank reactor with Atropa belladonna | 6.02/0.20 Lee et al., 1999

separate impeller (25 1)

Wave reactor (0.5 1) Panax ginseng 11.6/0.41 Palazon et al.,

2003a

Pneumatically driven

Bubble column reactor (2 1) Harpagophytum 6.6 /0.31 Ludwig-Mdiller et al.,
procumbens 2008

Bubble column reactor (2 1) Beta vulgaris 12.7/0.79 Pavlov et al., 2007

Airlift reactor (2 1) Nicotiana 4.8/0.34 Liu et al., 2009
tabacum

Bed reactors

Mist reactor (4 I) Nicotiana 5.2/0.37 Liu et al., 2009
tabacum

Mist reactor (1.5 1) Artemisia annua 14.4/0.38 Kim et al., 2002

Trickle bed (14 1) Hyoscyamus 36.2/1.45 Ramakrishnan and
muticus Curtis, 2004

2 Bioreactor working volumes are given in parenthesis; > DW — dry weight

It should be noted that transformed root cultures have not been used in any commercial
production process to date, although the large-scale cultivation of transformed roots (at 500
1 scale) was achieved more than a decade ago (Wilson, 1997). A major issue, which should
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be addressed before commercialization, is the inoculation of large-scale reactors. Unlike in
plant cell suspension-based processes, in which the inoculum can be easily transferred
pneumatically, transferring inocula of hairy root cultures from small reactors to large-scale
reactors might be difficult.

A possible solution was offered by Pavlov ef al. (2007), who applied fed-batch
operation mode for cultivating Beta vulgaris hairy roots in a bubble column bioreactor. The
recently developed commercial system (involving use of 10,000 1 balloon type reactors) for
biomass and ginsenoside production from normal (adventitious) roots of Panax ginseng in
South Korea (Sivakumar et al., 2005), may also provide a solution to the inoculum
problem; the inoculation steps prior to the 10,000 1 reactors are likely to be readily
applicable to hairy roots given the high morphological similarities of adventitious root and
transformed root cultures.

Conclusion and Future Prospects

In recent years transformed root cultures have become increasingly serious alternatives for
the mass production of high-value plant-derived metabolites, as well as suitable systems for
producing recombinant proteins. Today, hairy root cultures can be induced from any plant
species, although some are more difficult to transform than others (e.g. monocotyledons).
This raises the possibility of inducing transformed root cultures from rare and threatened
plants (e.g. some medicinal plant species), which would contribute to the preservation of
global biodiversity. In addition, transformed root cultures show promising potential for
other ecologically valuable applications in phytoremediation, and metabolic engineering
offers powerful tools for deliberate adjustment of desired metabolites’ biosynthetic
pathways. Finally, recent trends in bioreactor design (e.g. the development of single-use
bioreactor systems and novel methods for agitating cultures) should lead to significant
reductions in process costs and facilitate fulfilment of cGMP requirements. Thus, hairy root
cultures have high and increasing potential applicability for diverse purposes.
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Chapter 11

Genetic Transformation of Catharanthus roseus
(L.) G. Don. for Augmenting Secondary
Metabolite Production

Rajesh Arora, Archana Mathur, Ajay K. Mathur and C.M. Govil

Introduction

Catharanthus is a perennial short-lived plant that commonly grows in tropical countries
and is mainly cultivated as an ornamental plant in the tropical and subtropical world. The
plant grows in warm regions of the world and especially in the Southern United States. The
plant normally grows 8 to 18 inches in length and a 1-foot spread, although the trailing
types can spread up to 2 feet. It is highly branched and develops a woody base. The leaves
of the plant are petiolate, oblong in shape, thick and leathery in texture, while the
arrangement is opposite or alternate (Virmani et al., 1978). The plant is referred to by a
variety of names in various countries (Table 11.1.) and the various species are mildly
poisonous.

Flowers of the plant are single and never double and most modern varieties show
overlapping petals. The colour of the flowers ranges from pink, white or a mixture of both
to pale pink in colour with a dark violet dot in the centre. The chromosome number for all
Catharanthus species is 2n=16. However, tetraploid plants grow faster and the flowers are
reported to be bigger in size (Virmani et al., 1978). The genus Catharanthus comprises
eight species (Fig. 11.1). Seven species of the genus are known from Madagascar; one is
restricted to India and Sri Lanka, while one species is cultivated in China. The plant is
believed to be a native of the West Indies. The plant is more commonly known as
Madagascar periwinkle.
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Catharanthus

C. lanceus

C. trichophylflus

C. longifolius

C. pusillus
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Fig. 11.1. The eight common species of Catharanthus.
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Catharanthus: A Unique Medicinal Plant

The genus name, Catharanthus, refers to ‘pure flower’. Catharanthus is often considered
synonymous to Vinca, however, certain authors disagree with the proposition that
Catharanthus and Vinca are one and the same. As of now, Catharanthus and Vinca are
considered two different species.

Catharanthus roseus: A source of medicinally useful terpenoid indole alkaloids (TIAs)

The Catharanthus plant has been used in traditional medicine in several parts of the world
for a long time for treating a variety of ailments and the existence of local names in most
countries is evidence enough regarding the importance of this medicinal plant (Table 11.1).
Catharanthus roseus comes in various hues and shades, the most common being red and
white (Fig. 11.2).

However, in recent years Catharanthus roseus has gained popularity as a medicinal
plant mainly for its curative and palliative role in cancer therapy (Table 11.2 and Table
11.3). The plant is almost synonymous with cancer therapy and no wonder then that the
National Cancer Council of Malaysia (Majlis Kanser National, MAKNA) uses the
periwinkle logo as its symbol of hope for cancer patients (Loh, 2008).

The serendipitous discovery of the antineoplastic property of Catharanthus alkaloids in
the 1950s paved the path for the discovery of a number of plant-derived anticancer drugs.
The Catharanthus alkaloids are of wide importance in clinical medicine and vincristine
(VCR) and vinblastine (VLB) (Fig. 11.3) form an indispensable part of standard
chemotherapy regimens. VCR and VLB are integral components of virtually every curative
regimen for metastatic malignancy and are extensively used in adjuvant and neoadjuvant
drug regimens. Leads obtained from Catharanthus have proved that natural products
indeed are reliable sources of medicine and can solve several of the health problems being
faced by humans (Sharma and Arora, 2006; Arora et al., 2010).
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Table. 11.1. A few vernacular names of Catharanthus roseus.

Common name(s) Country
Ainskati, Billaganneru, Nayantara, Sadabahar, Ushamanijairi India
Atay-biya, Chichirica, Kantotan, Periwinkle, Tsitsirika Philippines
Boa-noite, Congorca Brazil
Brown man’s fancy, Consumption bush, Old maid, Periwinkle, Pink | West Indies
flower, Ram goat rose, Red rose, Sailor’s flower, White tulip
Caca poule Dominica
Chatilla Guatemala
Chavelita Peru
Dua can Vietnam
Liluvha Venda
Madagascar periwinkle Madagascar
Maua Kenya
Mini-mal, Patti-poo Sri Lanka
Nayantara Bangladesh
Nichinich-so, Nichinichi-so Japan
Ninfa Mexico
Periwinkle Jamaica, USA
Pervenchede de Madagascar French Guiana
Phaeng phoi farang, Phang-puai-fa-rang Thailand
Sadabahar Pakistan
Saponaire Rodrigues Islands

Tiare-tupapaku-kimo

Cook Islands

Fig. 11.2. The most common red (top) and white varieties (bottom) of Catharanthus roseus.
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Table 11.2. Catharanthus alkaloids used in the treatment of different neoplasms.

Alkaloid Neoplasms

Vincristine Acute lymphocytic leukaemia
Lymphomas (lymphocytic, mixed cellular, histiocytic, non-differentiated,
nodular and diffuse types)

Hodgkin's disease

Lymphosarcoma

Carcinomas (breast, cervix, prostate, choriocarcinoma)
Primary brain tumours (Astrocytomas)
Neuroblastoma

Vinblastine Pediatric tumours

Embryonal rhabdomyosarcoma

Wilm's tumour

Monocytic leukaemia

Lymphomas

Hodgkin's disease

Lymphosarcoma

Mycosis fungoides

Reticulum cell sarcoma

Vindesine Carcinomas

Methotrexate-resistant choriocarcinoma
Kaposi's sarcoma

Metastatic testicular cancer

Non-small cell lung cancer

Carcinomas of the breast

OH  OCOMe

Fig. 11.3. Chemical structures of vincristine (left) and vinblastine (right), the clinically and
economically important terpenoid indole alkaloids of Catharanthus roseus.
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Table 11.3. Curative and palliative regimens containing bisindole Catharanthus alkaloids.

Acronym Drug Combinations Disease
ABOS Doxorubicin, bleomycin, vincristine, streptozocin
ABV Doxorubicin, bleomycin, vinblastine
ABVD Daunomycin, Bleomycin, vinblastine, Hodgkin's lymphoma
EVAP dacarbasine
MOPP Etoposide,vinblastine, adriamycin, prednisone

Nitrogen mustard, vincristine, procarbazine,

prednisone
CHOP Cyclophosphamide, daunomycin, vincristine, Non-Hodgkin’s lymphoma

prednisone
PVB Cisplatinum, vinblastine, bleomycin Testicular cancer
COP Cyclophosphamide, vincristine, prednisone

Lymphoma

MACOP-B | Methotrexate, daunomycin, cyclophosphamide,
vincristine, prednisone, bleomycin

MVAC Methotrexate, vinblastine, daunomycin, Bladder cancer
cyclophosphamide
POC Procarbazine, vincristine, cyclophosphamide Melanoma, Small-cell lung
cancer
VATH Vinblastine, daunomycin, Thio-TEPA, Halostin Breast cancer
VP Vinblastine/vindesine, cisplatinum Non-small cell lung cancer

- Doxorubicin, daunorubicin, bleomycin, vincristine | AIDS-Kaposi’s sarcoma
and vinblastine

Catharanthus roseus contains more than 120 different types of alkaloids, designated as
terpenoid indole alkaloids (TIAs). Among the TIAs, vincristine (VCR) and vinblastine
(VLB) find extensive use in the treatments of leukaemias, lymphomas, small cell lung
cancer and other malignancies (Noble, 1990; Pratt ef al., 1994). Vincristine has been an
integral component of combination chemotherapy regimens for ALL (acute lymphoblastic
leukaemia) and plays an important role in the treatment of Hodgkin’s and non-Hodgkin’s
lymphomas. It has also been used in combination with other agents to treat Wilm’s tumour,
Ewing’s sarcoma, neuroblastoma, and rhabdomyosarcoma in children; and multiple
myeloma, breast cancer and small cell lung cancer in adults. Vinblastine is used for the
treatment of cell cancers of the testes and advanced Hodgkin’s disease, and is commonly
used in combination with other agents to treat carcinomas of the breast and bladder,
Kaposi’s sarcoma and other neoplasms (Rowinsky and Donehower, 1997).

The indole alkaloids of Catharanthus represent a market of considerable economic
interest and there is a potential in-house demand as well as a world-wide international
market. The anti-cancer Catharanthus alkaloids have a market value as follows: vincristine
($3,5,00,000 per kg); vinblastine ($1,000,000/ kg) (Veltkamp et al., 1985). Their retail
value is more than $20,000/ g (Curtin, 1983). The high prices are mainly due to the costly
methods currently available for production of these compounds, and the low yields
obtained from the source plants, e.g., the yield of vincristine from C. roseus whole plants is
of the order of 0.0003-0.0005%, which happens to be the lowest yield of any medicinally
useful alkaloid produced on a commercial basis (Taylor and Farnsworth, 1975; Curtin,
1983). Nearly 500 kg of leaves are needed to produce just 1 g of purified vincristine,
meaning thereby that about 10,000—15,000 kg leaves are required to produce just 30 g of
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the drug. Up to 16 weeks may be required for processing. This is one of the reasons behind
the high cost of these alkaloids. In the 1970s, the annual world supply of these drugs was
of the order of 4.5 kg. The current annual demand for the dimeric/monomeric alkaloids is
as follows: VCR: 1 kg per year; VLB: 12 kg per year; ajmalicine: 5000 kg/ year.

India happens to be the third largest manufacturer of vinblastine and vincristine in the
world and these alkaloids are exported to Europe and America (Rama Rao and Gurjar,
1990). In 1985-86, Indian exports of Catharanthus roots alone were worth US$140,625,
and in 1987-88, US$171,875. In 1993-94 Vinca alkaloids alone worth > US$210,000 were
exported (Chaudhri, 1996). The demand of these alkaloids in the international market has
been steadily increasing.

Catharanthus roseus: Model medicinal plant system for biotechnological interventions

World-wide demand of TIAs, and the miniscule amount in which they are produced within
the plant, are the factors mainly responsible for the exorbitantly high cost of these
compounds. In view of this, tremendous efforts have been directed towards increasing the
content of VCR and VLB in the plants by modern biological techniques, including cell line
selection, fungal elicitation, biotransformation, and genetic transformation with
Agrobacterium rhizogenes (van der Heijden et al., 1989, 1998; Saito er al., 1992;
Verpoorte et al., 1993; Yeoman and Yeoman, 1997; Arora, 1998; Batra et al., 2004; Arora
et al., 2005; Sharma and Arora, 2006; Christie ef al., 2009; Junaid et al., 2009; Natali et al.,
2009).

The establishment of 5-methyltryptophan (5-MT)-resistant callus lines has been
reported (Arora, 1998; Seth and Mathur, 2005). Seth and Mathur (2005) isolated four
variant callus lines showing differential tolerance to 5-MT, a tryptophan analogue. The
selected lines showed higher alkaloid content in the presence of 5-MT stress. The presence
of catharanthine and vindoline were demonstrated in two lines Nir L-60 and C6 L-120,
indicating a positive influence of tryptophan accumulation on diverting the metabolic flux
towards synthesis of the monomeric indole alkaloids. Shimoda et al., (2007) isolated four
disaccharides from the cell suspension of Catharanthus roseus after incubation with
capsaicin and 8-nordihydrocapsaicin in addition to glucosides and in undifferentiated
cultures. Sriram et al. (2007) studied flux quantification in central carbon metabolism of C.
roseus hairy roots by C labelling and bondomer balancing. Echevarria-Machado et al.,
(2007) studied the response of transformed roots of C. roseus to very low concentrations of
salicylic acid. Pomahacova et al. (2009) recently reported improved accumulation of
improved accumulation of ajmalicine and tetrahydroalstonine in Catharanthus cells
expressing an ABC transporter. Jaleel et al. (2007) reported on the accumulation of
ajmalicine in Catharanthus roseus after treatment with giberellic acid.

The molecular events that regulate genes and the activators of terpenoid indole alkaloid
metabolism are far from being completely understood and much needs to be unraveled.
Several workers have attempted to elucidate the structure and function of key enzymes and
the enzymatic pathways and the molecular regulation with a view to augmenting secondary
metabolite production (Pasquali ef al., 1992; van der Fits and Memelink, 2000; Siberil et
al., 2001; van der Heijden et al., 2004; Blondy et al., 2005; Courdavault ef al., 2005; Dutta
et al., 2005, 2007; Barleben et al., 2007; Bernhardt et al., 2007; Suttipanta et al., 2007;
Kutchan et al., 2008; Stockigt et al., 2008; Pereira et al., 2009). A simplified TIA
biogenetic pathway is represented in Fig. 11.4.
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Fig. 11.4. The Terpenoid Indole Alkaloid Biogenetic Pathway.
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Metabolic engineering approaches have been attempted by several other workers
(Rischer et al., 2006; Kutchan ef al., 2008; Christie et al., 2009; Pereira ef al., 2009).

The Promise of Hairy Roots

Hairy roots, which are produced as a result of transfer of T-DNA from 4. rhizogenes- a
gram-negative bacterium, into the plant genome (Banerjee ef al., 1995; Doran, 1997) have
been the subject of intense investigation due to their immense potential as an alternative
source of TIAs. However, Catharanthus has been a fairly recalcitrant crop as far as genetic
transformations are concerned, and in particular establishment of fast-growing clones has
been rather difficult. Several attempts have been made in recent years to obtain fast-
growing clones and increase the levels of TIA accumulation in in vitro plant organ systems
like hairy roots (Hughes et al., 2004; Arora et al., 2005). Hong et al., (2006) established
Catharanthus roseus hairy root cultures that were transgenic for the rol ABC genes from T-
DNA of the agropine-type Agrobacterium rhizogenes strain Ay. The rol ABC hairy root
lines exhibited a wild-type hairy root syndrome in terms of growth and morphology on
solid medium. The transgenic hairy roots did not produce detectable levels of mannopine
and agropine which, in contrast, are often synthesized abundantly in wild-type hairy root
lines. The absence of these opines did not appear to cause the rol ABC lines to have higher
levels of terpenoid indole alkaloids than wild-type hairy root lines. Unlike wild-type lines,
rol ABC lines produced very similar levels of total alkaloids despite wide variations in
individual alkaloid contents. This work demonstrated that the three genes rol/ ABC are
sufficient to induce high-quality hairy roots in Catharanthus roseus.

Chung et al. (2009) have recently isolated four new flavonoid glucosides viz., 3',4'-di-
O-methylquercetin-7-O-[(4""—13"")-2"",6"",10"",14"""-tetramethylhexadec-13""'-0l-14""-
enyl]-p-d-glucopyranoside (1), 4'-O-methylkaempferol-3-O-[(4"—13"")-2"",6'"",10"",14""-
tetramethylhexadecan-13""-olyl]-B-d-glucopyranoside  (2), 3’,4'-di-O-methylbutin-7-O-
[(6"—1"")-3"",11""-dimethyl-7"""-methylenedodeca-3"",10""-dienyl]-B-d-glucopyranoside
3), and 4’-O-methylbutin-7-O-[(6"—1"")-3"",11""-dimethyl-7""'-
hydroxymethylenedodecanyl]-B-d-glucopyranoside (4), along with the three known
compounds, from the methanolic extract of Catharanthus roseus hairy roots. The structures
of these compounds were elucidated spectroscopically. The new flavonoid glucosides
inhibited both MMP-9 activity and TNF-a production in THP-1 cells treated with
lipopolysaccharide. These results do show that it is possible to transform Catharanthus and
produce a variety of chemical compounds. Magnotta et al. (2007) have recently reported
expression of deacetylvindoline-4-O-acetyltransferase in Catharanthus roseus hairy roots.

In this paper we report the successful induction of hairy root cultures in some elite
Indian genotypes of C. roseus using Agrobacterium rhizogenes strains and optimization of
culture conditions for some selected fast-growing clones.

Catharanthus roseus: The Medicinal Plant Model System

Five genotypes of Catharanthus roseus viz., Red-flowered (4n=32), White-flowered
(4n=32), Nirmal (2n=16), BRT-1 and BRT-2 were tested for their susceptibility towards
different A. rhizogenes strains. The explants (leaf, petiole, ovule, embryo, petal,



184 Genetic Transformation of Catharanthus roseus

microshoots, anthers and sepals), obtained from glasshouse-grown plants, were surface
sterilized using 0.1% HgCl, solution for 2—6 min followed by washing with sterile double
distilled water.

Agrobacterium rhizogenes strains: procurement, culture and maintenance

The bacterial strains used for transformation were obtained from a variety of sources, both
within India and abroad (Table 11.4.). Transformation efficiency and host-specificity of
Agrobacterium rhizogenes strains viz., A4, LBA-9402, NCPPB-1855, SV,, SV,, R-1000,
ATCC-15834, ATCC-11325 and MAFF-301724 was tested. The 4. rhizogenes strains were
maintained on solid YMB plates (Hooykaas ef al., 1977) by streaking with an inoculating
loop. The bacteria were then allowed to grow in liquid medium at 25+2°C on a rotary
shaker (New Brunswick, USA) at 100 rpm. Bacterial cells in their exponential phase of
growth (OD 1.0 at 660 nm) were used for infection.

Table 11.4. List of A. rhizogenes strains used for inducing hairy roots in Catharanthus
roseus.

Strain Opine Explants tested Courtesy
A, Mannopine Leaf Dr D. Tepfer, France
Ay Mannopine Petiole Dr J. Hamill, UK
Ay Mannopine Ovule Embryo Dr D.P.S. Verma, USA
LBA-9402 Agropine Petal Dr G. Ooms, UK
SV, Mannopine Microshoots Dr D. Tepfer, France
SV, Agropine Anthers Dr D.Tepfer, France
MAFF-301724 Mikimopine Sepals Dr S. Kiyokawa, Japan
NCPPB-1855 Agropine IARI*, India
R-1000 - IARI*, India
ATCC-15834 Agropine ATCC?, USA
ATCC-11325 Mannopine ATCC?, USA

* JARI: Indian Agricultural Research Institute, New Delhi, India
# ATCC: American Type Culture Collection, USA

Infection and co-cultivation of explants

Pre-sterilized leaf, petiole, petal, sepal, embryo, ovule, anther and microshoot explants
were inoculated with 48 h old cultures of various 4. rhizogenes strains by wounding with
sterile needles. The procedure is represented in Fig. 11.5. Untreated explants were also
simultaneously plated to serve as controls. Freshly inoculated explants were kept in
darkness during the first 24 h to prevent the bacteria from drying under illumination during
the ‘window of competence’ for transformation of wounded tissue (Binns and Thomashow,
1988). The infected explants were co-cultivated for 3—7days on a semi-solid hormone-free
medium, and thereafter transferred onto a maintenance medium containing Kn (1.0 mg/l) +
BAP (0.4 mg/l) + NAA (0.2 mg/l). The explants were disinfected by transferring to the
maintenance medium supplemented with 250 pg/l cefotaxime (Sigma) or cephalexin
(Lupin Laboratories, India) + 100 pg/l ampicillin for three to four passages of 3-5 days
each, following which the concentration of cephalexin was reduced to 100 pg/l and the
cultures were maintained on this medium for another two to four passages.
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&
Agrobacterium rhizogenes strains
(A, LBA-9402, NCPPR-185, SV,, SV, MAFF-301724, R-1000)

|

Streak on YMB/YEB plates

Storage/long-term

e \\—}‘t —\(

Microshoot

Anthers Petals Ovule

Co-cultivate for If bacterial

2448 h on MS

Transfer to MS medium with antibiotics
[cephalexin(250 mg/mi)+ampicillin(100 mg/ml)]

nitial growth on maintenance medium
{(1Kn+0.4BAP+0.2NAA)
Liquid medium
1/2MS+1BA
Selection of fast
rowing elite clones

Fig. 11.5. Infection of different explants of C. roseus with different strains of A. rhizogenes.



186 Genetic Transformation of Catharanthus roseus

Growth and maintenance of axenic hairy root cultures

The frequency of transformation and development of the hairy roots were studied during a
4-8 week culture passage. The frequency of transformation was determined as the number
of explants with hairy roots/total number of explants. The hairy roots were excised and
transferred to maintenance medium, initially on solid and later on liquid medium. The
actively growing, axenic (bacteria-free), hairy roots were then cultured in 60 ml of liquid
medium supplemented with IBA (1.0 mg/l). The cultures were kept on the orbital shaker
with a constant shaking speed of 80 rpm at 25+2°C under dark conditions. The roots were
subcultured at 4 wk intervals, while the medium was changed every 15 days. The
individual transformation events were maintained as separate clones.

Confirmation of transformed nature of hairy roots

The transformed hairy roots (50 mg fresh weight) were extracted and analysed by paper
electrophoresis and silver staining, according to the method of Petit ez al. 1983 and Morgan
et al. 1989. 5-10 ul of the extract (transformed and control) was spotted on Whatman
3MM paper and electrophoresed at 15 V/cm for 30 min in the buffer containing formic
acid, acetic acid, distilled water (3:6:91, v/v/v, pH 9.8). After drying overnight, the
electrophoretograms were stained with silver nitrate (Trevelyan et al., 1950), fixed with
sodium thiosulphate solution (10% w/v in water) and washed with tap water. The spots
obtained were compared with authentic samples of mannopine. Molecular characterization
of the hairy root lines was also carried out to confirm the transformed nature and the
presence of Ri T-DNA in hairy roots. DNA was extracted from non-transformed roots as a
control and hairy roots using cetyltrimethyl ammonium bromide (CTAB) method. Primers
for detecting ro/ A gene were used. Total isolated DNA from transformed roots was
subjected to restriction digestion with EcoRI and was assessed by PCR for confirmation of
presence of T-DNA of the bacterial plasmid. The PCR reactions were carried as follows:
initial denaturation at 94°C for 1 min, annealing at 50°C for 1 min and extension for 2 min
at 72°C for the first cycle, which was followed by 35 successive cycles under identical
conditions. For further band amplification the PCR reactions were also carried out at three
distinctive annealing temperatures i.e. 55, 60 and 65°C. DNA extracted from putative
transformed Catharanthus roots demonstrated the amplification product corresponding to
rol A, when visualized on 1.2% agarose TAE gel stained with ethidium bromide. No
amplification products were obtained using non-transformed roots.

Extraction and chemical analysis of TIAs

Alkaloid extraction was done by a modified method of Kutney et al., (1980). Briefly, the
method is described as follows: 2.5 g hairy roots (harvested after 5 weeks) were extracted
with 50 ml of methanol. The homogenate was incubated at 55°C for 2 h. The methanolic
extract was dried and the residue dissolved in 2.5% H,SO4 (10 ml) and washed three times
with one volume of ethyl acetate. The pH of the aqueous phase was adjusted to 9.5 with
NH,OH (28.4%). This alkaline solution was extracted three times with 25 ml of ethyl
acetate. The organic phase was recovered and evaporated to dryness. The residue was
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finally dissolved in 1 ml of methanol (HPLC grade) and used for HPLC analysis. Control
roots from field-grown and in vitro non-transformed plants were also extracted in a similar
manner. HPLC analysis was done on Water’s Modular System consisting of 501
chromatography pump, 484 tunable absorbance detector, 745 B integrator and 46K
injector. A p-Bondapak C18 (3.9 mm, 1.0 x 300 mm) column was used for analysis. The
mobile phase was MeOH:CH;CN:NH,OAc (0.001M):Triethyl amine (1:2:2.5:0.2%), at a
flow rate of 1 ml/min. The absorbance was monitored at Amax 280 nm. The TIAs were
identified by retention time data as well as by peak enrichment method.

Optimization of explant vs genotype specificity of the bacterial strains

Five genotypes of C. roseus viz., red-flowered, white-flowered, Nirmal, BRT-1 and BRT-2
were tested for standardization of parameters for hairy root induction. The explants utilized
were: leaf, petiole, fertilized ovule, embryo, petal, sepal, microshoots and anthers (Table
11.5.). Glasshouse-grown and in vitro raised plants proved to be the most ideal sources of
explants for A. rhizogenes infection. Amongst the different explants tested, leaf and
microshoot explants responded best to hairy root induction. Root emergence from non-
transformed explants (controls) was not observed.

Table 11.5. Standardization of explant vs A. rhizogenes strains for hairy root induction in
Catharanthus roseus.

Explant Genotype A. rhizogenes strains
Ay LBA- SV, | SV, | NCPPB-1855 MAFF-
9402 301724*
Red + + +C + + +
Leaf Nirmal + + +C + + -
White - + +C + + -
BRT-1 - - - + - -
BRT-2 - - - + - -
Red - - + + - -
Petiole Nirmal - - - + - -
White - - - - - -
Red - - - - - -
Embryo Nirmal - - +C + - -
White - - - - - -
Red - - - - - -
Petals Nirmal - - - (o] - -
White - - - - - -
Red + + +C + + -
Microshoot | Nirmal + + +C + + -
White - - +C + - -
Red - - - - - -
Anthers Nirmal - - +c [ +** - -
White - - - - - -

** Swelling was observed, and white protuberances appeared, but this was accompanied by
callusing; + : responded to hairy root induction; - : did not respond; c: callusing
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When leaf explants were used for infection with A. rhizogenes, hairy roots could be
induced in all the genotypes. However, the degree of success depended on strain
specificity. While the bacterial strains LBA-9402, SV,, SV, and NCPPB-1855 were able to
induce hairy roots in all the genotypes tested. MAFF-301724 was able to induce hairy roots
only in red genotype, while A4 was not able to induce hairy roots in white genotype. The
hairy roots produced using MAFF-301724 did not survive due to overgrowth of the
bacteria. In general, the efficacy of the different bacterial strains to bring about hairy root
transformations in Catharanthus was in the order of SV,>LBA-9402>NCPPB-
1855>A>SV,>MAFF-301724. Ri-strain R-1000 could not induce hairy roots in any of the
genotypes. Similarly, the capacity of different explants to undergo genetic transformations
was in the sequence microshoots>leaf>petiole. The petal, sepal and ovule explants did not
respond to most of the strains tested. The susceptibility of the genotypes towards A.
rhizogenes infection was in the order of nirmal>red>white>BRT-1>BRT-2. BRT-1 and
BRT-2 were found to be susceptible only to SV, strain. These results are in conformity
with the trend observed by Porter (1991) who also reported that genotype is the prime
determinant of host specificity towards infection with A. rhizogenes. The ‘transformation
frequency’ in red and nirmal genotypes of C. roseus ranged from 0.02-0.12, 0.02-0.25 and
0.03-0.06, respectively when leaf and microshoot explants were subjected to co-cultivation
with various Ri-strains (Table 11.6; Fig. 11.6.).

Table 11.6 Efficacy of different Ri strains for hairy root induction from leaf and micro-shoot
explants of Catharanthus roseus.

Bacterial Days required for co- Transformation Days required for
Strain used cultivation frequency* root emergence
Ay, SV, 4-7 0.2-0.25 28-38
SV,, LBA-9402 5-7 0.02-0.04** 25-30
NCPPB-1855 3-5 0.07-0.11 40-48
MAFF-301724 2-3 0.02*** 20-25****
R-1000 Did not respond at all

* Number of explants with hairy roots/total number of explants; **Roots induced by SV,
strains exhibited a general tendency towards callusing; ***Bacterial growth after co-
cultivation with MAFF-301724 strain was difficult to check; ****Hairy roots were obtained in
leaf explants of red genotype only.

The initial transformation events were characterized by the appearance of white
protuberances within the next 10-15 days. The time of appearance of hairy roots varied
with the strains employed. For A4 and SV, strains, the days required for emergence of hairy
roots varied between 28-38, while for SV, and LBA-9402 it varied between 25-30 days.
NCPPB-1855 strain took maximum time for induction of hairy roots, i.e., 40—48 days,
while in case of MAFF-301724 strain, it took 20-25 days. Similarly, the number of days
required for co-cultivation to bring about effective transformations varied with the recipient
genotype and the bacterial strains employed. The co-cultivation period for A4 and SV,
strains was 4-7 days, while for SV, and LBA-9402 strain it was 5-7 days. In case of
NCPPB-1855 and MAFF-301724, fewer number of days were required for co-cultivation
i.e., 3-5 and 2-3 days respectively. These strains, when allowed to grow for a longer
period, resulted in excessive bacterial growth on and around the explants. The time
required for transformations was comparatively longer in contrast to earlier reports (Parr et
al., 1988; Bhadra et al., 1993; Bhadra and Shanks, 1995). This might be attributed to the
differences in genotype and the A. rhizogenes strains employed during the present
investigation.
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Fig. 11.6. Initiation of transformed roots from microshoot explants of C. roseus (top left);
Transformed hairy root culture of Nirmal genotype of C. roseus showing general tendency
towards callusing when SV, strain was employed (top middle); Induction of A. rhizogenes-
mediated hairy root culture from microshoot explants when SV, strain was used and White
genotype of C. roseus was transformed (top right); Rapidly proliferating hairy roots on
maintenance medium (bottom left).

Fig. 11.7. Fast-growing hairy roots of Catharanthus roseus after 4 weeks of growth on %2 MS
+ 1.0 mg/l IBA medium (left). The roots exhibited a tendency to callus when IBA was
replaced with NAA (right).
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Establishment of axenic root cultures

After the second week of inoculation of explants on plain agar medium with the antibiotics
cephalexin (250 mg/l) and ampicillin (100 mg/l), it was found essential to subculture the
explants on a maintenance medium containing Kn (1.0 mg/l) + BAP (0.4 mg/l) + NAA (0.2
mg/l) for healthy survival of the co-cultivated explants and subsequent root emergence
from them. A high degree of mortality or very inhibited rates of growth of the induced
hairy roots was noticed when they were cultured on auxin-free MSO medium.

Among the various accessions, the highest survival and growth of the induced hairy roots
was observed in case of variety Nirmal. Hairy root clones of red genotype exhibited a
tendency to form callus on the maintenance medium. Experiments were, therefore, devised
to optimize culture medium and other incubation conditions for eliciting faster growth and
proliferation of the induced hairy root lines. A medium containing half-strength MS salts
without NH4,NO; and supplemented with IBA (1.0 mg/l) and double dose of organic
vitamin supplements was found to be the best for the maintenance and growth of the
transformed roots. The hairy root clones obtained as independent transformation events in
variety nirmal, and designated as clones N-1-N-5, depicted varying morphologies. Hilton
et al. (1988) have also reported the existence of variability in terms of morphology and
growth in the hairy root cultures of the same plant and also between species. Different
morphologies were observed among clones of the same genotype; Nirmal, in the present
study, presumably due to random integration of Ri-plasmid T-DNA into the plant genomic
DNA. Tepfer (1987) opines that such differences in morphologies may be due to either/all
of the following reasons: integration of T-DNA at different sites, differences in copy
number, T-DNA structures per se, and methylation/demethylation of DNA.

While N-1 and N-5 clones were thin and light brown in appearance, the clones N-2 and
N-3 exhibited very limited elongation, giving them a star-shaped appearance. Clones N-4
and N-5 produced regularly spaced branches and shiny root tips with a lot of root hairs.
The characteristic features of these clones indicate their suitability for growth in
bioreactors. These hairy root clones were then grown in liquid % MS (without NH4NO;) +
IBA (1.0 mg/l) medium for further maintenance and characterization since the best
response was observed on this medium (Fig. 11.7; Table 11.7). Shen et al. (1988) have also
reported that exogenous addition of auxins is sometimes necessary for the growth of hairy
roots. In order to establish the transformed nature of the individual root lines, the individual
clones were tested for the presence of opines. The transformed hairy roots contained
mannopine, which exhibited almost the same mobility in paper electrophoresis as authentic
mannopine. Besides, the transformed roots also showed the characteristic features of hairy
roots viz., lack of geotropism and a high rate of proliferation of epidermal hairy cells.

Growth analysis of hairy root clones
The growth profile of the different hairy root clones on half-strength liquid MS medium

supplemented with IBA (1.0 mg/l) revealed that a very low growth index was achievable,
ranging between 1.42 in case of clone N-3 to 3.36 in case of clone N-5 (Table 12.8).
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Utilizing a two-stage culture procedure, significant improvement in growth of N-1, N-4 and
N-5 clones was noticed.

In the modified procedure, 2-week old hairy root clones were transferred from liquid to
agar-gelled medium of similar composition, but with an additional dose of 60 mg/l adenine
sulfate. The proliferation of roots on agar medium was still better when the roots were
placed on a sterilized filter paper disc placed on top of the medium, and incubation was
done in dark. After 1 week of appearance of 3—5 de novo root tips, with fine root hairs, the
entire root mass was retransferred to liquid medium of similar composition under diffused
light (18-22°C). The amount of liquid medium per 250 ml flask (narrow neck) at this stage
of culture varied from 60—70 ml. It was found that almost three-fold increase in biomass
yield (up to 5 wks of growth) was obtained when 15-20 ml liquid medium was used per
flask in comparison to the earlier practice of using 60-70 ml medium per flask.
Replenishment of fresh IBA containing medium at the rate of 5 ml every tenth day was
required to sustain growth in the modified procedure.

Table 11.7. Different media tested for initial growth and maintenance of hairy root clones of
Catharanthus roseus®.

Media composition* Hairy Root Clones Growth Pattern
N-1 | N-2 | N-3 | N4 | N-5

MS0 - - - - - Root growth could not be
sustained

1/2 MSO - - - - - -do-

1/4 MSO - - - - - -do-

MS + IBA (1.0 mg/l) 2 2 2 2 2 -

MS + NAA (1.0 mg/l) 1 1 1 1 1 -

1/2MS + IBA (1.0 mg/l) 3 3 3 3 3 The root tips of hairy roots
proliferated very fast,
giving out profuse white
root hairs

1/2MS + NAA (1.0 mg/l) 3 3 3 3 3 Callusing in all the hairy
root clones.

1/4MS + IBA (1.0 mg/l) 2 2 2 2 2 The roots turned brown

and collapsed

1/AMS + NAA (1.0mg/l) | 2 2 2 2 2 -

* Data collected on transformed root cultures induced by SV, strain of A. rhizogenes.
1- Mild branching and elongation

2- Moderate branching and elongation

3- Profuse branching and elongation

Table 11.8. Growth index of hairy root lines of Catharanthus roseus.

Clone No. Growth Index* Growth Index*
(initial procedure) (modified procedure)
N-1 2.94 9.52
N-2 1.64 6.56
N-3 1.42 3.56
N-4 2.02 8.48
N-5 3.36 10.12

* Final fresh weight/initial fresh weight (inoculum) at the end of 5th week of culture.
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Conclusion

As has also been previously reported by other workers (Toivonen ef al., 1991; Bhadra et
al., 1993), the present studies with Catharanthus also revealed that the Indian genotypes of
C. roseus are not a very amenable system for A. rhizogenes-mediated genetic
transformations. However, the problems were successfully overcome to obtain fast-
growing hairy roots as alluded to earlier in the chapter. The reasons for this recalcitrance
may include the presence of a large number of alkaloids in the leaf and other explants.
These phytochemicals are inhibitory to the bacterial growth and plasmid insertion during
the co-cultivation phase of the transformation cycle. In order to overcome the problems of
recalcitrance towards A. rhizogenes-mediated transformations, in future it would be
interesting to explore three possibilities viz., Agrobacterium strains resistant to crude
alkaloid extracts of Catharanthus roseus should be screened, mutant plants with very low
alkaloid content be developed and used for bacterial infection, and finally efforts must be
initiated to produce haploid hairy roots.
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Chapter 12

Podophyllum Endophytic Fungi

J.R. Porter

Introduction

Podophyllum spp. are the major sources of podophyllotoxin, precursor to the anticancer
drugs etoposide, teniposide and etopophos (Fig. 12.1), as well as a number of compounds
currently in clinical trial or development for treatment of cancer, arthritis, inflammation, oxidative
or radiative damage, and viral disease (Xu ef al., 2009a). Most recently, compounds with
insecticidal activity have been developed (Xu et al, 2009b). P. hexandrum (syn., P. emodi,
Sinopodophyllum hexandrum) has been the principal source of podophyllotoxin, but over-
collection has led to severe reduction in the wild populations, and the plant has been listed as
endangered (Fu and Zhang, 1992; Singh et al., 2001). Studies of the North American P. peltatum
initially showed that the podophyllotoxin content, particularly of the leaves, was much lower than
that of P. hexandrum, but the studies of Canel ef al. (2001) demonstrated that endogenous
glycosidases could release substantial podophyllotoxin from leaf tissue.

Efforts are under way to develop P. peltatum as a sustainable source of podophyllotoxin and
related lignans (Moraes et al., 2002a), but similar earlier attempts were unsuccessful (Bogdanova
and Sokolov, 1973). Numerous attempts to synthesize podophyllotoxin completely have not yet
led to a commercially viable synthetic route (Wu et al., 2007; Xu ef al., 2009a). A sustainable
supply of this precursor molecule is required considering the value of the drugs in chemotherapy
and the large number of drug leads developed on its scaffold.

Several plant species are known to produce podophyllotoxin. Besides the Podophyllum spp.,
Linum spp. (Petersen and Alfermann, 2001), Anthriscus sylvestris (Koulman, 2003), Juniperus
virginiana (Kupchan et al., 1965), J. chinensis (Muranaka et al., 1998), Polygala polygama
(Hokanson, 1978) and at least 14 other species from a wide range of plant families (Gordaliza et
al., 2004) have all yielded small but measurable amounts of podophyllotoxin. Closely related
lignans are produced by a variety of plants, such as Forsythia * intermedia (Umezawa et al.,
1990), Hippophae rhamnoides (Yang et al., 2006), Bursera spp. (Koulman, 2003), Thuja
occidentalis (Chang et al, 2000) and many others. There does not seem to be any
phylogenetically significant distribution of the Podophyllum lignans, so it is possible that this
biosynthetic pathway evolved independently a number of times. As will be seen below, however,
an alternate hypothesis for this distribution may be developing.

To complicate the picture still further, the podophyllotoxin content of a plant may be
strongly dependent on the plant genetics (P. peltatum and P. hexandrum) (Moraes et al., 2002a;
Sultan et al., 2008), season (4. sylvestris) (Koulman et al., 2007), environment (P. hexandrum)
(Purohit et al., 1999; Alam et al., 2008), or development (P. hexandrum) (Purohit et al., 1999).
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Plants growing in different environments, with different genotypes, or at different life stages at
different times of the year may have widely different podophyllotoxin contents.
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Fig. 12.1. Podophyllotoxin (1) and the major anticancer drugs etoposide (2), teniposide
(3) and etopophos (4).

Biotechnological approaches to production of podophyllotoxin offer great promise to
produce sustainable supplies without biologic, climatic, geographic, or political barriers.
Efforts to produce the compound through cell and tissue culture have been ongoing for
many years (Kadkade, 1981). Some have focused on biosynthesis by Linum spp. cell, tissue
and organ cultures (Oostdam et al., 1993; Giri et al., 2001; Baldi et al., 2008b; Berim et al.,
2008). Co-culture of Linum cell cultures with mycorrhizal fungi (Baldi et al., 2008a) or
Linum hairy roots with P. hexandrum cells (Lin et al., 2003) have led to interesting
increases in the desired products.

A different approach was suggested by the studies of Gary Strobel and his group at Montana
State University when they discovered that endophytic fungi living in the tissues of a variety of
species are capable of producing the anticancer compound taxol (Stierle ef al., 1993; Strobel et
al., 1996b). The ability of plant endophytic fungi to produce a wide range of interesting
biologically-active and medicinal compounds has now been extensively documented; this area
has been capably and thoroughly reviewed (Gunatilaka, 2006; Zhang et al., 2006; Porter, 2008).
A significant part of this chapter addresses the work that has been done, in this laboratory and
others, to isolate, identify and determine the podophyllotoxin production potential of endophytic
fungi that live in the tissues of Podophyllum spp.

Life History of the Host Plants

As noted, several groups have explored the possibilities of growing the major producing
podophyllotoxin producers, P. peltatum and P. hexandrum, in an agricultural setting (Bogdanova
and Sokolov, 1973; Moraes et al., 2002b; Kharkwal ef al., 2008), similar to the practice with
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Catharanthus rosea for production of the ‘Vinca’ alkaloids. Why are the podophyllotoxin
producers not more ‘croppable’? That is, what are the characteristics of the Podophyllum spp. that
make them less likely to be grown successfully under agricultural conditions?

The great majority of successful crop plants share a number of characteristics that
make them easier to handle and grow successfully in a managed setting: (i) seed dormancy
exists and it is relatively easily maintained with simple, inexpensive conditions; (ii) seed
dormancy can be maintained for long periods when the seeds are kept dry; (iii) seed
dormancy is easily broken, often by simple addition of water or a short cold period; (iv)
seed germination occurs at a high percentage, generally well above 50%, because of
efficient fertilization, seed development and embryo viability; (v) seedling growth is fairly
rapid, and seedling survival is high; (vi) seedling development to the adult, reproductive
stage is fairly rapid, generally occurring within 3—-60 months; (vii) at least moderate
resistance to common pathogens exists at all life stages; (viii) pollination is reliable, and the
plants are self-fertile, wind pollinated or pollinated by common insects; (ix) genetic mixing
among strains is easy and common and (x) in perennial crops, a well-developed plant
dormancy exists for survival in an annual cold or dry season.

Depending on the author, there are between two (Shaw, 2002) and at least 14 (Ying,
1979; Shaw, 2002) species of Podophyllum. Those who recognize fewer species often
acknowledge at least a few forms and varieties of P. peltatum or P. hexandrum. Even the
number of genera is controversial, with some retaining P. hexandrum for the Himalayan
species, and an increasing number of authors moving this to Sinopodophyllum. In the same
publication that proposed this latter genus, Ying (1979) also proposed movement of the
majority of Podophyllum species other than P. peltatum into the genus Dysosma. Most
recognize Podophyllum and Sinopodophyllum as members of the Berberidaceae, but some
recognize the family Podophyllaceae (Nadeem et al., 2007). Regardless of the taxonomy,
only two species have been studied in significant depth with regard to the ecology, biology
and podophyllotoxin production.

Virtually all of the species of Podophyllum, Sinopodophyllum, Dysosma and Diphylleia
studied to date contain detectable or significant quantities of podophyllotoxin (Yin and Chen,
1989; Yu et al., 1991; Ma and Luo, 1992; Canel et al., 2000). Diphylleia is recognized as a
distinct genus in this group by all authors, although Kim and Jansen (1998) found that the genus
is not monophyletic, and this genus may require further study and revision. However, none of the
species is distributed over a wide geographic range or, if so, the local populations are not large or
abundant. Thus, continued wild collection for podophyllotoxin is highly likely to lead to local or
widespread extinction of populations or species.

In addition, all of the species possess the majority of characteristics that would suggest
difficulty in converting the species into an agricultural crop. Seed dormancy may be absent or
short-lived in most species, particularly if seeds are dried (Kharkwal ez al., 2008), or unusual
conditions may be required to break seed dormancy (Braun and Brooks, 1987; Shaw, 2002;
Simonnet ef al., 2008; Sreenivasulu et al., 2009). Dormancy appears to be maintained primarily in
rthizomes, rather than in seeds. With the exception of P. hexandrum, most of the species appear to
be strictly or primarily outcrossing (Swanson and Sohmer, 1976; Liu et al., 2002; Qiu et al., 2006).
P. peltatum has been shown to possess genetic variation in podophyllotoxin production (Moraes et
al., 2002a), and the requirement for outcrossing and significant genetic diversity between
populations (Singh ef al., 2001; Liu ef al., 2002; Alam et al., 2008; Sultan ef al., 2008) suggests
that many accessions may be necessary to maintain the genetic diversity in response to declining
populations. This and other species often exhibit low recruitment of new individuals into a
population, low nectar production, low reproductive success and low pollination efficiency
(Swanson and Sohmer, 1976; Sohn and Policansky, 1977; Rust and Roth, 1981; Laverty and
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Plowright, 1988), although Dysosma spp. flowers are noted to give off an odour of faeces or decay
and are fly-pollinated. One of the major causes of seedling and juvenile plant mortality is fungal
infection within the first five years after germination due to the absence of a protective rhizome tip
sheath.

Attempts to cultivate P. peltatum and P. hexandrum for sustained podophyllotoxin
production have met with only limited success (Cushman et al., 2003; Pandey e al., 2007).
In vitro growth of Podophyllum, Linum and other plants for production of podophyllotoxin
and related lignans similarly is successful only in part (Lin ez al., 2003; Wink et al., 2005).
There is clearly a need for alternative approaches to assure access to podophyllotoxin for
continued drug development.

Fungal Endophytes as Sources of Podophyllotoxin

Recent discoveries show that plant endophytic fungi can produce a wide variety of
compounds that traditionally are associated with plant tissues (Porter, 2008). Among the
earliest studies in this vein, Strobel’s group and other researchers have demonstrated
widespread occurrence of endophytic fungi with the ability to produce taxol (Stierle et al.,
1993; Strobel et al., 1996a; Wang et al., 2000). Since those studies, an increasing number
of researchers have begun study of endophytic fungi in many plants to study the ability of
the endophytic fungi to produce a diversity of compounds under controlled culture
conditions. The studies of Eyberger (2002) in my laboratory extended the biochemical
diversity of plant endophytic fungi to include production of podophyllotoxin (Eyberger et
al., 2006). Since that discovery, other laboratories have discovered fungi that similarly
produce podophyllotoxin. The endophytes isolated and grown in our laboratory were
obtained from the tissues of P. peltatum. Podophyllotoxin-producing strains of Trametes
hirsuta and Alternaria neesex were obtained from tissues of P. hexandrum (Puri et al.,
2006; Li, 2007), of Fusarium oxysporum from Juiperus recurva (Kour et al., 2007), of
Penicillium implicatum strain SJ21 in D. sinensis (Zeng et al., 2004), and of six endophytic
strains from D. sinensis, Dy. veitchii and P. hexandrum identified only to genus
(Penicillium, Monilia, Alternaria) or not identified (mycelia sterilia) (Yang et al., 2003).
To my knowledge, Linum, Anthriscus, Polygala and other genera known to contain
podophyllotoxin have yet to be examined for endophytic fungi. It seems to be clear from
these studies that the podophyllotoxin-producing endophytic fungi represent a broad
taxonomic diversity. The majority of these groups have studied the fungi for the ability to
synthesize podophyllotoxin in aseptic culture.

The endophytic fungi isolated in this laboratory have been assigned to the fungal
species complex Phialocephala fortinii based on the variable D2 region of the large
ribosomal subunit tDNA (Eyberger ef al., 2006). Additional studies of other genetic regions
have not yet caused us to change the identification, but neither has it confirmed the original
diagnosis. One of these strains, PPE7 (Genbank accessions DQ485456 and EU382071), is
closer both morphologically and genetically to other P. fortinii strains. The other strain,
PPES5 (Genbank accessions DQ485455 and EU382070), is more distant genetically and has
less morphological similarity to other P. fortinii strains (Eyberger et al., 2010). Griinig et
al. (2008) developed techniques for the phylogenetic analysis and placement of P. fortinii
and Acephala applanata strains. We are using these and similar techniques to more
precisely define the taxonomic identity of our podophyllotoxin-producing strains.



Podophyllum Endophytic Fungi 201

The opportunity of endophytic fungi that produce valuable medicinal compounds is the
same as that of plant tissue and cell culture approaches. If production can be optimized and
increased to commercial levels, the compound can be produced without reliance on wild
populations, thus saving the genetic diversity of the producing plants, removing geographic,
climatic and geopolitical limitations on the production and assuring the supply of vitally-
important substances. To this end, we studied the cultural characteristics and podophyllotoxin
production in our two producing strains in a variety of fungal growth media and culture
conditions. Our two strains grew at varying rates in eight different media, including malt broth
(MB), yeast malt broth (YMB), Czapek’s minimal medium (CMM), potato dextrose broth
(PDB), Sabouraud’s dextrose broth (SDB), minimal medium (MM), Murashige & Skoog
medium (MS) and Gamborg’s B5 medium (GBS5) (Mathai et al., 2006). The latter two media
are more commonly used for plant cell culture studies, but we were interested in whether these
would influence growth and compound production in comparison to the other media. Cultures
were shaken to promote aeration or not, and the studies were conducted in 50 ml or 1 1 culture
volumes. The growth of the fungi was studied over a period of 4 weeks.

The best growth was obtained in GB5 medium for both fungal strains. However, the
two strains behaved differently in most growth characteristics. Strain PPES5 showed a
volume-specific growth about equal in both culture volumes at 0.1 g/ml; strain PPE7 grew
much more slowly in the 1 1 culture condition (0.03 g/ml) and more rapidly in the 50 ml
culture volume (0.17 g/ml). The overall pattern of growth in the various media was GB5 >
MS > PDB = SDB > MB > CMM > YMB > MM for the PPES strain. The PPE7 strain
showed a pattern of GB5 >> SDB > CMM > MB > MM = YMB > PDB = MS. Aeration or
still culture conditions resulted in similar patterns. In seven of the eight culture media, the
PPES strain grew more quickly in aerated conditions; the growth in SDB was about equal
in still or shaken cultures. For strain PPE7, only GB5 had a higher growth in aerated
cultures. The growth was about equal by the PPE7 strain in shaken or still cultures for SDB,
MS, PDB and YMB media, and the still medium conditions gave higher growth in still
conditions in MM, MB and CMM, with the much higher growth in still conditions
compared to aerated conditions for the last medium.

The podophyllotoxin production was similarly specific to the strain and culture
conditions. In general, 50 ml cultures led to higher production of podophyllotoxin (ng/l)
than did 1 1 cultures. In fact, the only 1 1 cultures that led to a detectable quantity of
podophyllotoxin by HPLC-DAD analysis were strain PPES cultured in YMB without
aeration and strain PPE7 grown in CMM under still conditions. All other 1 1 cultures led to
no detectable podophyllotoxin. Strain PPE7 generally outperformed strain PPES in
podophyllotoxin production, and this strain gave the highest level of podophyllotoxin
production seen to date, 185 pg/l. This is still well below commercial production levels, but
it does show that production is responsive to environmental conditions. PDB gave higher
production of podophyllotoxin than all other media tested, including the top level of
production, a mean of 16 pug/l for strain PPE7 in 50 ml aerated culture as well as the second
highest mean production level of 5 pg/l by the same strain grown in a 50 ml volume under
still conditions. Thus, a lower culture volume, PDB medium, and strain PPE7 were
associated with the highest production levels. There were no consistent trends in respect to
medium aeration — of the 12 conditions that led to detectable podophyllotoxin production,
seven were obtained in still culture conditions. The lack of an effect of aeration may be due
to the growth habit of the mycelium under the two conditions. The shaken cultures were
characterized by separate fungal ‘balls’ of 5-15 mm diameter suspended in the culture.
Most often, still cultures result in a mycelial mat on the top surface with dispersed mycelia
adherent to the glass submerged in the medium. Two of the media, MM and MS, led to no
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detectable podophyllotoxin production. An additional two media, MB and SDB, had only a
single condition under which podophyllotoxin production was detected, strain PPES in 50
ml aerated cultures in the former medium and strain PPE7 in 50 ml still cultures in the
latter. We have observed podophyllotoxin production in a greater number of the tested
conditions during subsequent LC-MS analysis of the samples, although at levels below the
detection of the HPLC-DAD system.

We have grown the fungi on solid media as well, primarily for morphological studies
and maintenance, including Sabouraud’s dextrose agar, yeast malt agar and potato dextrose
agar. The two strains grew similarly on the solid media and were similar in morphology and
cultural characteristics (hyphal size, mycelium colours, hyphal differentiation, presence or
lack of conidia) on the various media. As mentioned previously, strain PPE7 is more
similar morphologically to P. fortinii (sensu Wang and Wilcox (1985)), with submerged
toroid hyphae, dark septate hyphae and rare hyaline conidia (Eyberger et al., 2006). Strain
PPES lacks toroid hyphae, and we have never observed sporulation in this strain, even
when cultured for up to two years in dark, cold conditions.

Much of our current work is focused on molecular genetic analysis of the podophyllotoxin-
producing endophytic fungi. As mentioned, we are analysing a number of loci in order to
understand the taxonomic relationships of these strains to other endophytic fungi. A major focus
of this work, however, is to determine the genes involved in the biosynthesis of
podophyllotoxin. Since the biosynthesis of this product has yet to be completely elucidated, the
endophytic fungi, which are usually genetically simpler compared to plant producers, may more
readily yield answers for the unknown biosynthetic steps. Work can then focus on enhancement
of production through over-expression of rate-limiting gene products, suppression of competing
pathways through RNAi and knock-out techniques, and transfer of some or all of the
biosynthetic machinery to more tractable hosts.

Among the major questions that arise from these studies is the ultimate origin of the
podophyllotoxin biosynthetic pathway. It seems logical that the pathway’s existence in both a
host plant and its endophytes is due to horizontal gene transfer. However, the direction of that
transfer is much in question. Thorough genetic analysis in podophyllotoxin-producing organisms
may ultimately answer this question. But, it is interesting to hypothesize that the widespread and
phylogenetically disparate occurrence of podophyllotoxin in various plant species may be a
consequence of the presence of endophytic fungi, rather than the product of multiple evolutionary
events randomly leading to the same end-product. Podophyllotoxin is present at low
concentrations in a number of plant species; the endophytes may be the actual source. Even when
podophyllotoxin is present at high concentrations, the endophytes could still be the principal
source, promoted to greater biosynthesis by the host plant biochemical environment. Regulatory
systems similar to the /ae system of Aspergillus (Bok and Keller, 2004) may be discovered in
other fungi with major influence on secondary product production. If the biosynthetic machinery
is present in the plant genome, which is by no means proven at this point, the origin may be
transfer from endophyte to host plant rather than necessarily the other way around. Examination
of the genes that have been sequenced to date (the dirigent proteins, secoisolariciresinol
dehydrogenase, pinoresinol/lariciresinol reductase), the codon usage bias is equally suggestive of
both plant and fungal origins (unpublished data). The presence of podophyllotoxin production in
cell cultures of Linum spp. and Podophyllum spp. would suggest that the biosynthetic machinery
is present in the plant genome, but the origin of the pathway remains undetermined. The answers
to these questions will be interesting as they unfold, and we will learn much about the details and
regulation of podophyllotoxin biosynthesis along the way.

Discovery of the endophytic fungi that can produce important medicinal compounds
can help assure the supply of these compounds through biotechnological fermentation
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systems and molecular manipulations of the fungal strains, while also preserving the
genetic diversity of the endangered plants traditionally used for extraction. This scenario is
especially pertinent to the availability of podophyllotoxin. The use of this compound for the
continued treatment of cancer (etoposide, teniposide, etopophos) and as a platform for the
production of antiviral, anti-inflammatory and anti-insect compounds, as well as other
applications, make the continued development of an assured, efficient and sustainable
source a worthwhile undertaking for research.

Conclusion

Plant endophytic fungi offer a great source of biological and biochemical diversity. The presence
of biosynthetic pathways to known medicinal compounds, including podophyllotoxin, offers the
promise of a more complete understanding of the biosynthetic mechanisms, biochemical novelty,
and development of sustainable biological sources of the compounds. Our studies with
podophyllotoxin-producing endophytic fungi from P. peltatum have led to a research programme
focused on development and exploitation of this resource. Determining the conditions that
support enhanced growth and podophyllotoxin production by these fungi suggest additional
studies to further the enhancement, which may include separate growth and production media.
Molecular analysis of the genetically-simpler fungi (compared to the host plants) may finally
yield a complete understanding of biosynthesis as well as offer new opportunities for genetic
manipulation and heterologous gene transfer.
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Chapter 13

Biotechnology of Himalayan Vinca major and
V. minor

Rajesh Arora, Ajay K. Mathur, Archana Mathur and C.M. Govil

Introduction

The family Apocynaceae (dogbane family) is an important family of flowering plants that
comprises a number of medicinally useful plants, several of which are trees, shrubs, herbs
and lianas. The tropical rainforests are home to several species and most occur in the
tropics and subtropics and some are found in xeric environments. Chief amongst the
medicinal plants belonging to this family include Catharanthus roseus, Carissa carandas,
Rauvolfia serpentina, Tabernaemontana coronaria, Vinca minor, V. major etc. (Arora,
1998; Arora et al., 2010). The plants belonging to this family are a source of a variety of
alkaloids, several of which find use in the clinic.

Kingdom — Division — Class —— Order —— Family —— Genus
Plantae Magnoliopsida Apocynaceae

Magnoliophyta Gentianales Species

Vinca

[ !

minor major herbaceae balconica difformis

Fig. 13.1. Botanical classification of Vinca major and V. minor.
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Vinca major (Big Leaf Periwinkle)

Fig. 13.2. Vinca major flourishing well in the natural environment (note the dark green foliage
(left); a leaf (right)).

Fig. 13.3. Plants in flowering stage; a flower of Vinca major.

Vinca major is commonly known as large periwinkle, greater periwinkle and blue
periwinkle and belongs to the family Apocynaceae. The plant is known as large periwinkle
since it possesses bigger leaves in contrast to V. minor, the closely related species, which is
similar but smaller, with narrower, hairless leaves. V. major is a flowering plant native to
Southern Europe and is found from Spain and Southern France to the Western Balkans and
also in Northeastern Turkey and the Western Caucasus. It is also found in the Himalayan
mountainous region of India and Pakistan. V. major is an evergreen trailing vine that
usually spreads along the ground, rooting along the stems, forming patches of ground cover
that can be 2—-5 m across and up to 50-70 cm high. The leaves are opposite, 3-9 cm long
and 2—6 cm broad, glossy dark green with a leathery texture and an entire but distinctly
hairy margin, and a hairy petiole 1-2 cm long (Blamey and Grey-Wilson, 1989; Huxley,
1992). The flowers are produced from early spring to autumn. The flowers are violet-
purple, 3—5 cm diameter, and possess a distinct five-lobed corolla.

Vinca major is commonly grown in gardens for its evergreen foliage, spring flowers,
and vining habit. A number of cultivars are available, with white to dark violet flowers and
variegated foliage. Several botanical reports dating back to the early 1900s exist on the
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larger periwinkle (Hirsch, 1949; Guseinova, 1986; Huxley, 1992). Aneli ef al. (1988) have
carried out pharmacobotanical studies on Vinca major introduced in the Georgian SSR
region of the former USSR. De Almeida (2005) reported on the distribution of Vinca major
from Portugal. Cytostatic properties of the alkaloid fractions isolated from the aerial part of
Vinca major have been reported by Boratynska ef al., (1972).

Phytochemical constituents

Several workers have confirmed the presence of vincamajine, vincamajoreine, vincamine,
majvinine, reserpinine, vincawajine, majoridine, methyxyvellosimine and lochvinerine in
the plant (Farnsworth, 1960; Farnsworth et al., 1962; Potier et al., 1965; Chatterjee ef al.,
1970, 1975; Zsadon et al., 1972; I1'Yashenko et al., 1977; Balsevich et al., 1982; Atta-Ur-
Rahman et al., 1995). Reserpinine, majdine, akuammicine, strictosidine lactam,
pseudoakuammigine, akuammine, and a new alkaloid tentatively named 10-
hydroxycathofoline, were isolated from V. major cv. variegata leaves (Balsevich ef al.,
1982). The alkaloid profiles of green and yellowish parts of the leaves, however, did not
differ (Balsevich et al., 1982). Ali et al., (1976) reported the isolation of vincarpine and di-
hydro vincarpine, two new zwitterionic indole alkaloids, from Vinca major var.
elegantissima. Banerji and Chakrabarty (1974) reported the isolation of a new alkaloid
lochvinerine from Vinca major. Ishikura and Minekishi (1978) reported the isolation of
new delphinidin glycosides from Vinca major flowers. Mukhopadhyay et al. (1991)
isolated 11 methoxytetrahydroalstonine, a heteroyohimbinoid alkaloid, from Vinca major.
Detailed studies on alkaloids from Vinca major, introduced in the Gerogian SSR (former
USSR), have been carried out (Zhukovich, 1987, 1989). Sakushima and Nishibe (1988)
carried out mass spectrometry for structural determination of flavonol triglycosides from
Vinca major. Zhukovich and Vachnadze (1985) isolated vincamaijinine, a new alkaloid,
from Vinca major, while Zhukovich et al. (1986) subsequently quantitatively identified
vincamajine in the aboveground part of Vinca major.

Medicinal uses of Vinca major

In view of the vasoconstricting effect on peripheral blood vessels, V. major is considered
useful in the treatment of pain and sensitivity in the acute stages of migraine headache. The
plant lessens passive haemorrhaging. It is used to stop mild bleeding from haemorrhoids,
nose bleeds and urinary tract injury. The plant is useful in treating menorrhea, and mid-
cycle bleeding.

Vinca minor

Vinca minor is commonly known as lesser periwinkle, myrtle, running-myrtle, petite
pervenche, pervinca, vinca, vincapervinca. Vinca minor is an evergreen trailing vine that
grows in the wild in the foothills of the Himalayas, particularly in Himachal Pradesh,
Kashmir and Uttarakhand region of India. It is a fast grower and spreads quickly after it
gets established. Vinca minor prefers regular watering, well-drained, fertile and loamy soil.
It grows well in shade and can tolerate mild sunlight if regularly watered. It is a low
evergreen subshrub or herbaceous perennial. Leaves are opposite, entire, mostly broad at
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the middle. Flowers are axillary, solitary, ebracteate and pedunculate. Calyx (sepals) are
five, 3-5 mm long, fused at base, without internal squamellae or glands. Corolla is blue,
infundibuliform, tube gradually expanded with a zone of hairs above the insertion of the
stamens in the upper part; petals 5, horizontally spreading, joined at base by a low ridge.
There are five stamens, inserted in the middle of the corolla tube; filaments longer than the
anthers, flattened, abruptly bent at the base; anthers basifixed, not connivent; connective
broad, expanded above the thecae into a hairy flap-like appendage; pollen smooth, with
three grooves. Disc consists of two ovoid fleshy nectar-secreting scales (disc glands)
alternating with the carpels. There are two carpels, appressed; ovules 4-8 in each loculus;
style well-developed, almost clavate, abruptly expanded above into a disc-like clavuncule
bearing the conical stigma surmounted by five dense tufts of hair. Fruit consists of two
slender follicles (mericarps); seeds cylindric, grooved on one side, without a coma of hairs;
embryo straight, embedded in thick endosperm.

Fig. 13.4 (a) The plant of Vinca minor (note the size of the leaves, which are smaller in
comparison to Vinca major). (b) A leaf of Vinca minor.

Phytochemical constituents

Amongst the indole alkaloids (0.15-1.4%), the chief alkaloid present in Vinca is vincamine
(eburnamine-type, 25-65%), including as well vincine, apovincamine and vincadifformin.
The flavonoids present include kempferol-3-O-rhamnoside-70-galactoside, kempferol-3-
O-rhamoglucoside-2-O-glucoside, quercetin-3-O-rhamnoglucoside-7-O-glucoside.
Vincamine (14-hydroxy-14-methoxycarbonyl-l-eburname) and vincamone or I-
Eburnamonine (14-oxo-l-eburnane) are two important clinically useful indole alkaloids,
used against brain sclerosis and in post-operative states of the CNS, and have been isolated
from Vinca minor. Vincamine has been proposed for the treatment of drepanocytosis
(sicklaemia) (Smeyers et al., 1991). Smeyers et al. (1991) carried out structural studies on
alkaloids of Vinca minor. The three-dimensional structures of five indole alkaloids of
Vinca (vincamine, vincamone, apovincamine, vincaminol, desoxyvincaminol) were
determined theoretically and compared with experimental data (Smeyers ef al., 1991).

Pharmacological properties

The Vinca minor plant has a long history of usage as a traditional tonic to treat senile
weariness and also as an astringent, for excessive menses, bleeding gums and mouth sores.
In traditional systems of medicine in various parts of the world, mainly Asia and Europe, it
is used as astringent, bactericide, collyrium. It is used to treat diarrhoea, dysentery,
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hypertension, lactifuge, menorrhagia, phthisis, piles, scalp, sedative, skin, spasmolytic, tea,
tonic, tumour (uvula) catarrh, eczema, haemostat, carminative, diuretic, emetic,
hypertension, scurvy, depurative, diuretic, hemostat, lactagogue and tonic. V. minor is
useful in the following diseases: circulatory disorders, cerebral circulatory impairment and
as support for brain metabolism. It is also useful in treating hypertension, memory loss,
gastritis and enteritis, diarrhoea. Vinca minor is used externally for sore throats, nose
bleeds, bruising, abscesses, eczema and to stop bleeding. In homoeopathy, it is used for
weeping eczema and bleeding mucous membranes. Vinca minor has been reported to be
analgesic, amoebicide, antibiotic, antibacterial, cardiotonic, cholagogue, digestive,
emmenagogue, febrifuge, hypotensive, laxative, pectoral, stomachic and vermifuge.

Vinca minor has been mentioned in the folklore as useful for treating toothache,
snakebite, hypertension and as a carminative, vomitive, haemostatic and astringent. It was
the folkloric use of this plant for hypertension that prompted much of the recent
phytochemical interest displayed in V. minor (Mokry and Compis, 1964; Boulat et al.,
1990; Fischoff et al., 1996). The biological effects of V. minor extracts have been reported
by several workers (Kurmukov, 1967; Zhmurkin, 1968; Moinade and Puvinel, 1969;
Federico and Amore, 1984; Fischoff et al., 1996). Aqueous extracts prepared from the
whole plant of V. minor have been shown to be toxic to American cockroaches when
injected into the bloodstream. Extracts of V. minor leaves have been found to have an
inhibitory effect on Staphylococcus aureus, but not against, Escherichia coli, Salmonella
typhimurium and Mycobacterium tuberculosis (Taylor and Farnsworth, 1973). Extracts of
V. minor have been evaluated in a variety of tumor systems, but in contrast to
Catharanthus they were found to be devoid of anticancer activity (McKenna et al., 1960;
Abbott et al., 1966).

Vincamine, the major alkaloid present in V. minor is used clinically in certain European
countries, especially Hungary, for the treatment of hypertension, angina, migraine
headaches and cerebrovascular diseases (Lanfranchi ef al., 1984). Vincamine is used for
the treatment of memory disorders of the elderly, moderate dementia of degenerative and
vascular etiologies (Zhmurkin, 1968; Federrico and Amore, 1984; Kurmukov, 1987;
Boulat, 1990; Fischoff ez al., 1996).

Vincamine: the neuronal metabolism altering alkaloid

The major component of Vinca minor, also reported from Vinca major, is vincamine,
which is an indole alkaloid (distinctively a tryptamine). Vincamine is found in the aerial
parts of Vinca minor, primarily in the leaves which possess approximately 25-65%
alkaloid. Vincamine is also derived from other plants like Catharanthus roseus (Cook and
James, 1981), Vinca major, Voaconga and Crioceras longiflorus. Vincamine is
hypotensive, negatively chronotrophic, spasmolytic, hypoglycaemic and sympatholytic.
Vincamine alters neuronal metabolism by favouring aerobic glycolysis and increases blood
flow to the brain and particularly towards ischemic areas. Vincamine also acts to increase
cerebral circulation and the utilization of oxygen. Vincamine is known primarily as a
vasodilator (peripheral vasodilator) and finds general use as an aid in activities requiring
highly focused attention and concentration such as technical writing or computer operation.
Vincamine has also been indicated in the treatment of tinnitus or ringing in the ears and for
the treatment of poor memory. Vincamine is also commonly used as a nootropic agent to



212 Biotechnology of Vinca

combat the effects of ageing, or in conjunction with other nootropics for a variety of
purposes (Cook and James, 1981).
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Fig.13.5. Vincamine [(3a,148,16a)-14,15-dihydro-14-hydroxyeburnamenine-14-carboxylic
acid methyl eSter] Cz1H26N203 .

Vinpocetine

Vinpocetine (CyHy6N,0,; ethyl apovincaminate) is a semisynthetic derivative alkaloid of
vincamine (Lorincz et al., 1976). It is marketed as Cavinton and Intelectol. Vinpocetine
possesses cerebral blood-flow enhancing (Szilagyi ef al., 2005) and neuroprotective
properties (Dézsi et al., 2002). Vinpocetine is used as a drug in Eastern Europe for the
treatment of cerebrovascular disorders and age-related memory impairment.

. © :\/

Fig. 13.6. Vinpocetine [(3a,16a)-Eburnamenine-14-carboxylic acid ethyl ester].

Vinpocetine is widely marketed as a supplement for vasodilation and as a nootropic for
the improvement of memory. Vinpocetine, like vincamine, helps support brain functions
such as enhancing concentration and memory by activating cerebral metabolism. A number
of studies on healthy volunteers have demonstrated that vinpocetine may elicit
improvement on some aspects of memory. Vinpocetine finds use in the body-building
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community as a vasodilator. However, no studies have been conducted on the effectiveness
of vinpocetine on performance enhancement during exercise. Vinpocetine selectively
inhibits voltage-sensitive Na' channels, causing a dose-dependent decrease in evoked
extracellular Ca" ions in striatal nerve endings (Sitges et al., 2005). The Na" channel
inhibiting properties of vinpocetine are responsible for the neuroprotective effect, which is
mediated through blockade of excitotoxicity and attenuation of neuronal damage induced
by cerebral ischaemia/reperfusion (Adam-Vizi, 2000).

Vinpocetine is known to produce some side effects like indigestion, nausea, dizziness,
anxiety, facial flushing, insomnia, headache, drowsiness and dry mouth and a temporary
drop in blood pressure. Vinpocetine has been implicated in one case to induce
agranulocytosis, a condition in which granulocytes, an important type of white blood cell,
are markedly decreased. The safety of vinpocetine in pregnant women has not been
evaluated.

Vinca species: international scenario of biotechnological interventions

Very little tissue culture work has been done on the Vinca species. Vincamine is the major
alkaloid derived from Vinca minor. For the industrial production of this alkaloid, plant cell
cultures have been studied as a possible source (Delaby, 1985). Initiation of cell cultures of
V. minor was reported by Petiard and co-workers in 1972. Small amounts of vincamine
were found to be present in these cultures, although these results could not be confirmed
during subsequent studies. Although small amounts of spots positive with Draggendorff's
reagent were detected on TLC plates, no vincamine was observed in V. minor or V. major
cv. variegata callus cultures. A lignan, lirioresinol B, was found to be the major compound
in these cultures. Ostapenko (1986) reported on protoplasm heat resistance in Vinca major.

There are very few reports on hairy root production in Vinca minor (Tanaka et al.,
1994, 1995). Detailed information on growth kinetics in these reports is, however, lacking.
Tanaka et al., (1995) investigated the characteristics of regenerated plants obtained from
hairy roots (Ri-transformed plants) of Vinca minor L. These workers showed that an
established Ri-transformed clone, Vm-101, proliferates rapidly in vitro, displays a high
degree of lateral branching and rapid shoot elongation and has a growth index 2.5 times
that of an untransformed plant. The addition of 2.2 uM benzyladenine to the culture
medium increased the shoot number but did not decrease the growth index. Vincamine
content in the leaves of in vitro-cultured Vm-101 was twice that in the cultured
untransformed plant suggesting that multiple shoot culture of Ri-transformed plants may be
an excellent tool for in vitro vincamine production.

Eilert et al. (1987) identified strictosidine lactam as the main alkaloid produced in two
cell lines of V. major cv. variegata. The high yielding cell line produced 0.5 mg/g dry
weight. Transferring the cells to an alkaloid production medium resulted in a 6- to 8- fold
increase in alkaloid levels combined with greening of the cells. Crespi et al. (1990)
patented the production of vincamine and epivincamine by means of cell cultures of V.
minor. Yields of 3.3 and 0.9 g/l, respectively were claimed for the two alkaloids. Two other
patents have been reported concerning the production of Vinca alkaloids (Synthelabo,
1976, 1982).
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Biotechnological Studies on Vinca major: Initiatives at CIMAP

The initial expedition to collect Vinca major was initiated in the summer season of April
1994. The plants were collected from the slopes of the Himalayan mountains (ca. 2000 m)
of the Uttarakhand region in India. The plant was found growing quite well in isolated
patches on the mildly shady side of the mountains. The plants were found growing as a
climber and were in flowering condition when collected. The plants were collected along
with the soil, which had a pH of 5.5-6.0, and brought to the laboratory at Lucknow. Since
the weather was quite hot at Lucknow, the plants were initially grown in pots in a growth
chamber (22+2°C temp; 60—-80% RH and 4000 lux light intensity) for over 3 months for
acclimatization and upon acclimatization were transferred to the field. The plant adapted
well to the environment of the plains and flourished well in the glasshouse round the year,
growing luxuriously in winters. The live plants have been maintained at the CIMAP,
Lucknow repository in the field as well as in vitro cultures now for over 16 years. The
plant is a climber that sends roots at the nodes which serve as propagules (stem runners).
The best season for vegetative growth was between November and February. During this
season, the plants flowered even in the glasshouse. Blue coloured flowers (3—10
flowers/plant) were produced during this season. Plants transferred to the field grew well
till the onset of May, when the growth slowed down appreciably. Propagation was
achieved by means of cuttings containing nodal segments, which rooted easily upon
transfer to soil. Surprisingly, on a recent expedition (April, 2009), to the same place from
where the plants were collected, it was noticed that the plant sparsely grows in the natural
habitat at that altitude, possibly due to changes in environment and urban activities.

Development of a simple, efficient, fast and reliable micropropagation protocol

Nodal explants of V. major were used for the initiation of aseptic cultures. The explants
were washed with savlon and then treated with HgCl, (0.1% w/v) solution for varying time
durations (1-7 min). Optimal sterilization, to the extent of 80%, was achieved upon 5-6
min treatment. Treatment for lesser duration resulted in heavy infection. Nodal segments of
V. major required much shorter HgCl, treatment time (2—3 min) to provide 60—70% aseptic
cultures.

Successful in vitro cultures could be established from juvenile axillary shoots, obtained
from glass-house grown plants. In case of V. major nodal explants, even a hormone-free
MS medium could bring about the bud break and limited axillary shoot elongation in 28—
36% of the cultures within 2 weeks of inoculation. The frequency of response was
significantly better when 5.0 mg/l Kn was added to the medium. Axillary bud elongation
on this medium was observed in about 90% cultures on MS + Kn (5.0 mg/l), which
acquired a length of 3—5 cm with 8-10 nodes within 5-6 weeks of culture initiation. A
stock of such axillary shoots was multiplied and maintained through repeated subculturing
of nodal segments (excised from in vitro grown parent cultures) every 4-5 weeks.

With a view to enhancing the rate of in vitro multiplication of shoots, efforts were made
to devise appropriate medium recipes for the production of multiple shoots. Various media
compositions were evaluated to test the ability of cytokinins in improving multiple shoot
production in vitro. The axillary shoots of V. major, however, preferred to remain
elongated rather than repeatedly branched on the medium i.e., MS + Kn (5.0 mg/1), referred
to as Primary Shoot Elongation Medium (PSEM). For this purpose, nodal explants were
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excised from 4- wk old axillary shoot cultures and transferred to MS medium fortified with
1.0, 3.0, 5.0, 6.0 and 10.0 mg/l Kn or BAP. The response observed in vitro revealed that
both cytokinins are appropriate for shoot multiplication. In the next series of experiments,
triple combinations of 5.0 mg/l Kn with 1.0-5.0 mg/l BAP and 0.5-1.0 mg/l IBA were tried
to see their cumulative influence on the morphogenetic response. The best combination
amongst these was found to be MS + Kn (5.0 mg/l) + BAP 2.0 mg/l) + IBA (1.0 mg/l). On
this medium, referred to as Primary Multiple Shoot Medium (PMSM), the shoots branched
and grew very well in vitro.

The influence of number of passages, from initial culture, on multiple shoot formation
was also evaluated. The response in terms of time required for bud emergence, elongation
and multiple shoot formation was recorded. Multiple shoot formation, even after 24
passages, was fairly constant. The maximum number of shoots were obtained between 18—
24 passages, and the average number of shoots were 29.20+1.36 (Table 13.2).

Table 13.2. Influence of culture age on rate of multiple shoot formation on PMSM* in Vinca

major.
No. of passages from Days to Bud Induction No. of multiple

initial culture shoots/100 ml flask™*

(Mean £SE)

1-6 7-14 28.92+ 0.67

6-12 -do- 27.24+0.91

1218 -do- 26.40+0.97

18-24 -do- 29.20+1.36

* MS medium supplemented with Kn (5.0 mg/l) + BAP (2.0 mg/l) + IBA (1.0 mg/l).
** Data recorded after 4 weeks of culture. Each figure represents an average of 25
replicates.

The multiple shoot cultures of Vinca major produced flowers in vitro only from 24th
culture passage onwards. The number of flowers produced ranged from 1-3 per culture.

Hairy root induction in Vinca major using Agrobacterium rhizogenes

The following Agrobacterium rhizogenes strains were used for transformation studies viz.,
A4, LBA-9402, NCPPB-1855, SV,, SV4, R-1000, and MAFF-301724. For induction of
hairy roots in V. major, several different explants viz., leaf, petiole, fertilized ovule,
embryo, petals, sepal, microshoots and anthers were tried. The explants were taken from
glass-house grown, field-grown and in-vitro raised plants. Glass-house-grown and in vitro
raised plants proved to be the most ideal sources of explants for A. rhizogenes infection.
Amongst the different explants tested, leaf and microshoot explants responded best to hairy
root induction. Root emergence from non-transformed explants (controls) was not
observed. When leaf explants were used for infection with various strains of A. rhizogenes,
hairy roots could be induced by the following strains viz., Ay, LBA-9402, SV,, SV,
NCPPB-1855 and ATCC-15834. However, the degree of success depended on strain
specificity. Petiole explants of V. major responded only to A4 and SV, strains. The
transformation frequency in V. major ranged from 0.03-0.06 when leaf and microshoot
explants were subjected to co-cultivation with various Ri-strains. With microshoots, only
SV, and SV, were able to successfully induce hairy roots, while with anthers as explants
only SV, gave the results. The efficacy of the different bacterial strains to bring about hairy
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root transformations in Vinca major was in the order of SV, >SV,>A,>LBA-
9402>NCPPB-1855>ATCC-15834>MAFF-301724. Ri-strain R-1000 could not induce
hairy roots in Vinca major. The frequency of transformation was determined as the number
of explants with hairy roots/total number of explants. The individual transformation events
were grown initially on solid media and thereafter maintained as separate clones in liquid
media (Table 13.3; Fig. 13.7). Three distinct clones were isolated viz., BL-1, BL-2 and BL-
3. Among the root clones of V. major, BL-1 and BL-2 showed a tendency to coil and were
very thin. The most healthy looking hairy root line was that of BL-3, which elongated very
well and also developed green pigmentation when grown under high illumination. These
hairy root clones were then grown in liquid 1/2 MS (without NH4;NO;) + IBA (1.0 mg/1)
medium for further maintenance and characterization. The growth profile of the different
hairy root clones on half-strength liquid MS medium supplemented with IBA (1.0 mg/1)
revealed that a growth index of 7.04-7.64 was achievable in case of different hairy root
clones of V. major (Table 13.4).

Table 13.3. Different media tested for initial growth and maintenance of hairy root clones of
Vinca major*.

Media composition Hairy Root Clones Growth Pattern
BL-1 BL-2 | BL-3

MS0 - - - Root growth could not be sustained

Y2 MS0 - - - -do-

Y2 MSO - - - -do-

MS + IBA (1.0 mg/l) 2 2 1 -

MS + NAA (1.0 mg/l) 1 1 1 -

% MS + IBA (1.0 mg/l) 3 3 3 The root tips of hairy roots proliferated
very fast, giving out profuse white root
hairs

2 MS + NAA (1.0 mg/l) 3 3 3 Callusing in all the hairy root clones
was observed. BL-2 clone developed
green colour.

Y2 MS + IBA (1.0 mg/l) 2 2 3 The roots turned brown and collapsed

Ya MS + NAA (1.0 mg/l) 1 1 1 -

* Data collected on transformed root cultures induced by SV, strain of A. rhizogenes.
1, Mild branching and elongation; 2, Moderate branching and elongation; 3, Profuse branching
and elongation

Table 13.4. Growth index of hairy root lines of Vinca major.

Clone Growth Index*
No. (initial procedure)
BL-1 7.04**

BL-2 7.22**

BL-3 7.64**

* Final fresh weight/ initial fresh weight (inoculum) at the end of 5th week of culture.
** Mean value of 5 replicates
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Vincamine production in selected hairy root clones

HPLC analysis confirmed the enhanced production of vincamine by the hairy root clones
of Vinca major (BL-1, BL-2 and BL-3 clone). Methanolic extracts of these lines indicated
the presence of Dragendorff’s reagent positive spots when subjected to TLC initially. For
comparisons, leaf and root tissues from glass-house grown plants (6—12 months old) and
also the roots of in vitro micropropagated plants of V. major were used for alkaloid
extraction, which served as control. The crude alkaloid content in the three transformed
root lines varied form 0.02-0.04% FW after 4 weeks of growth in vitro. The corresponding
alkaloid levels in the untransformed (controls) varied from 0.04-0.05%. Vincamine was
identified by retention time data as well as by peak enrichment method in the three clones
of V. major.

The transformed root line BL-3 was found to contain the highest level of vincamine
(0.40%). HPLC analysis of the transformed roots of V. minor, however, did not indicate the
presence of other alkaloids in any of these clones, indicating that the repertoire of alkaloids
produced in vitro is low, which can be augmented by adopting procedures like elicitation,
supplementation with specific additives etc.

Induction of photoautotrophy in transformed hairy root cultures

Based on earlier information available in the literature (Husemann, 1984; Tyler et al.,
1986; Maldonado-Mendoza and Loyola-Vargas, 1995) on the importance of green hairy
roots (possessing functional chloroplast system) to enhance the productivity, experiments
were conducted to induce photoautotrophy in the selected hairy root clones of V. major
(BL-3). These clones were selected because of their inherent high capacity to produce TIAs
under photoheterotrophic conditions in vitro. Gradual lowering of sucrose in the medium
resulted in significant inhibition in the growth of these lines and as such it failed to induce
autotrophy. The clones were grown in the CO, incubator (New Brunswick, USA). In the
initial experiments, the hairy root cultures in liquid medium were exposed to 5% CO, level
for 1-6 h daily up to 10 days and were then returned back to normal culture room
environment after each CO, exposure. Only one culture belonging to BL-3 line showed
moderate transient greening, which again became non-chlorophyllous when subcultured
twice on 2% sucrose containing media. Dual effect of CO, enrichment and high
illumination was then studied. For this, the root cultures were alternatively exposed to 5%
CO, and high illumination of 4000 lux for 15, 30, 60 and 120 min and 1, 2, 3 h,
respectively. Out of these combined treatments, 1-h exposure to CO, followed by 3 h light
treatment for 15 continuous days proved highly effective for the induction of
photoautotrophy. The green line, thus generated, showed good survival at 2% sucrose
level. This was then subjected to further gradual lowering of carbohydrate source in the
medium.
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Fig. 13.7. Induction of hairy roots in Vinca major. Hairy root emerging from the leaf explants.
(a and b); Fast-growing, healthy hairy roots of Vinca major (BL-3) (c).

Conclusion

The two Vinca species viz., Vinca major and V. minor are very important medicinal plant
species on which scant attention has been paid as far as biotechnological interventions are
concerned. The present study reports the efforts made in this direction and the results have
been discussed in the light of contemporary literature. The studies in our group have led to
development of a simple, efficient, fast and reliable micropropagation protocol for
production of true-to-type plants in elite strains of V. major. The establishment of such
procedures can be effectively utilized for germplasm conservation and mass multiplication
of the plant species. The hairy roots established have immense potential for production of
the indole alkaloids and there is a need to develop up-scaling processes using bioreactors
for large-scale production.
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Chapter 14

Analytical Platforms and Databases Ranging
from Plant Transcriptomics to Metabolomics

Tetsuya Sakurai, Kenji Akiyama and Kazuki Saito

Introduction

In the post-genomics era, many bioinformatics studies have been aiming to obtain
exhaustive information on all cellular components. A comprehensive understanding of the
cell based on transcriptomic, proteomic, and metabolomic data is required to understand the
complex nature of molecular networks in cells. The study of transcriptomics is a thriving
field, and there has been an increase in the number of web-based databases and tools for
transcriptome analysis (Galperin, 2008; Galperin and Cochrane, 2009). Although many
researchers have noted that metabolomic data are more closely related to biological
phenomena than transcriptomic or proteomic data (Dixon et al., 2006; Wang et al., 2006),
the availability of metabolomic databases and tools is limited (Kopka et al., 2005; Wishart
et al., 2009). Many studies are trying to link ‘-omics’ data (Hirai et al., 2004, 2005
Steinhauser et al., 2004; Sakurai et al., 2005; Tohge et al., 2005; Tokimatsu et al., 2005;
Kusano et al.,, 2007); therefore, there is an increasing need for the construction of
metabolomic databases and related web sites.

For instance, chemical resources produced in plants as a result of photosynthetic and
metabolic reactions serve as important resources of food, material and energy and
constitute the global ecosystem (Fargione et al., 2008). Therefore, many researchers are
trying to find a means to increase plant biomass using information from recent biological
studies. Although an enormous amount of time and effort has been expended in the
empirical selection of better plant varieties because of the classical agricultural approach,
much attention has been devoted for elucidating the complex network of interactions
among genes and molecular networks that is involved in the production of plant biomass.
Further, techniques and databases are rapidly developing in the post-genomic era (Dixon et
al., 2006). Therefore, many insights have been provided into both functional and
comparative genomics through the use of publicly available databases for the model plant
Arabidopsis thaliana. Data resources for Arabidopsis thaliana are substantially larger and
of better quality than those available for other plant species; hence, these resources
represent a good starting point for the development of comparable resources for other
species.
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Here, we describe web databases and tools that support research in transcriptomics,
proteomics, and metabolomics. Moreover, we show one of the ways how the
transcriptomics and metabolomics information resources are applied.

Transcriptomics
Gene expression and co-expression tools and databases

Genes involved in related biological pathways are often co-expressed, and information on
their co-expression helps understand biological systems (Eisen et al., 1998). In fact, co-
expression data have been applied to a wide variety of experimental approaches such as
gene targeting, regulatory investigations and/or identification of potential partners in
protein-protein interactions (PPIs) (Aoki et al., 2007; Shoemaker and Panchenko, 2007,
Saito et al., 2008). Large amounts of gene expression data are required to reliably predict
relationships between co-expressed genes. Toward this end, DNA microarrays have
provided vast amounts of gene expression data that are stored in several public repositories
(Craigon et al., 2004; Parkinson et al., 2007; Swarbreck et al., 2008; Barrett et al., 2009).
Using these large public data resources, several co-expression databases have been
constructed and are widely used, especially in Arabidopsis research (Steinhauser et al.,
2004; Toufighi et al., 2005; Manfield et al., 2006; Hruz et al., 2008; Obayashi et al., 2009).
Tools and databases for gene expression and co-expression are listed in Table 14.1.

Table 14.1. Gene expression and co-expression tools and databases.

AtGenExpress http://www.weigelworld.org/resources/microarray/AtGenE
xpress/

AtGenExpress Japan http://pfg.psc.riken.jp/AtGenExpress/

Genevestigator https://www.genevestigator.com/gv/

ATTED-II http://atted.jp/

Arabidopsis thaliana - Tiling http://www.weigelworld.org/resources/microarray/at-tax/

Array Express (AT-TAX)

Bio-Array Resource (BAR) http://bar.utoronto.ca/

NASCArrays http://affymetrix.Arabidopsis.info/narrays/experimentbrow
se.pl

Arabidopsis Co-expression Data | http://www.Arabidopsis.leeds.ac.uk/act/
Mining Tools (ACT)

AraGenNet http://aranet.mpimp-golm.mpg.de/aranet

Arabidopsis thaliana co- http://csbdb.mpimp-golm.mpg.de/csbdb/dbcor/ath.html
response databases (AthCoR)

at CSB.DB

Correlated Gene Search at http://prime.psc.riken.jp/?action=coexpression_index
PRIMe

CressExpress http://obiwan.ssg.uab.edu/coexpression/

Gene Co-expression Analysis http://genecat.mpg.de/cgi-bin/Ainitiator.py/
Toolbox (GeneCAT)

A Complete Arabidopsis http://www.catma.org/
Transcriptome MicroArray
(CATMA)
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AtGenExpress
http://www.weigelworld.org/resources/microarray/AtGenExpress/
http://pfg.psc.riken.jp/AtGenExpress/

AtGenExpress is the result of a multinational coordinated effort to uncover the
transcriptome of the multicellular model organism Arabidopsis thaliana. This large
collaborative project combined resources of gene expression patterns observed during the
complete plant life cycle; the gene expression data were obtained using the Affymetrix
GeneChip.

The Affymetrix ATHI array- an oligonucleotide-based DNA microarray consisting of
22,746 probe sets, covering approximately 23,700 genes and nearly the entire genome of
Arabidopsis was designed on the basis of computer-predicted genes (Redman, et al., 2004).
Using this system, the AtGenExpress consortium, an international undertaking, was
established to make a significant contribution to the science community and to add to our
knowledge of gene functions in Arabidopsis. Previous studies have reported the
development of large-scale transcriptome data sets by the AtGenExpress consortium; these
data sets provide detailed information on the developmental processes (Schmid et al.,
2005) and stress responses (Kilian et al., 2007) in Arabidopsis. Moreover, these web sites
present a hormone-response data set, which includes treatment with phytohormones,
hormone inhibitors, hormone-related inhibitors, hormone-related mutants, seed germination
processes, and sulfate starvation (Goda et al., 2008).

Genevestigator
https://www.genevestigator.com/gv/

Genevestigator (Hruz et al., 2008) is a reference expression database and meta-analysis
system. It allows biologists to study the expression and regulation of genes in a broad
variety of contexts by summarizing information from hundreds of microarray experiments
into easily interpretable results. A user-friendly interface allows the user to visualize gene
expression in many different tissues, at multiple developmental stages, or in response to
large sets of stimuli, diseases, drug treatments, or genetic modifications.

ATTED-II
http://atted.jp

ATTED-II (Obayashi et al., 2007; Obayashi et al., 2009) is a database of co-expressed
genes in Arabidopsis that can be used to design a wide variety of experiments, including
the prioritization of genes for functional identification, or for studies on regulatory
relationships. It aims at constructing gene networks by: (i) introducing a new measure of
gene co-expression to retrieve functionally related genes more accurately; (ii) providing
clickable maps for all gene networks to facilitate step-by-step navigation; (iii) including
information on PPIs; (iv) identifying conserved patterns of co-expression; and (v) showing
and connecting Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway information
(Kanehisa et al., 2002) in order to identify functional modules. With these enhanced
functions for gene network representation, ATTED-II can help researchers clarify the
functional and regulatory gene networks in Arabidopsis.
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Bio-Array Resource
http://bar.utoronto.ca/

Bio-Array Resource (BAR) (Toufighi et al., 2005) offers various analysis tools such as the
electronic Fluorescent Pictograph (eFP) Browser, Expression Angler, and Expression
Browser. The Arabidopsis expression data was derived from AtGenExpress, BAR and
NASCArrays. Expression data in poplar, Medicago truncatula, and mouse can be
investigated, and gene expression can be visualized by the eFP browser. Promomer is
another tool that is useful for identifying over-represented words (n-mer) in the promoters
of genes of interest or of co-regulated genes.

c¢cDNA and EST databases

Research in functional genomics demands precise information on gene structure and large
volumes of gene catalogues. Expressed sequence tags (ESTs) and full-length cDNAs are
essential for the correct annotation and functional analysis of genes and their products.
Databases for cDNAs and ESTs are listed in Table 14.2. Below, we have provided two
examples of cDNA and EST databases.

Table 14.2. cDNA and EST databases.

Salk Institute Genome Analysis http://signal.salk.edu/

Laboratory (SIGnAL)

RIKEN Arabidopsis Full-Length http://rarge.psc.riken.jp/cdna/cdna.pl

(RAFL) cDNA database at RARGE

Arabidopsis thaliana Orphan http://atornadb.bio.uni-potsdam.de/

Transcript Database (AtoRNA DB)

Ceres cDNA database http://www.tigr.org/tdb/e2k1/ath1/ceres/ceres.shtml
Sequence download at TAIR ftp://ftp.Arabidopsis.org/home/tair/Sequences/

Salk Institute Genome Analysis Laboratory

http://signal.salk.edu/

The Salk Institute Genome Analysis Laboratory (SIGnAL) database displays SALK
cDNAs, Salk/Stanford/PGEC (SSP) cDNAs (Yamada et al., 2003), orphan RNAs
(AtoRNAs) (Riano-Pachon ef al., 2005), etc. on the Arabidopsis genome. Moreover, it
provides tiling array results, single feature polymorphism information etc.

RIKEN Arabidopsis Genome Encyclopedia
http://rarge.psc.riken.jp/cdna/

The RIKEN Arabidopsis Genome Encyclopedia (RARGE) database (Sakurai et al., 2005)
contains RIKEN Arabidopsis Full-length (RAFL) cDNA (Seki et al., 2002) and RIKEN
Ac/Ds transposon tagged mutant (Ito ef al., 2002a,b; Kuromori ef al., 2004, 2006; Ito et al.,
2005).

Small RNA databases

High-throughput sequencing has enabled the discovery of hundreds of thousands of unique
small RNA sequences in Arabidopsis and other plants. These small RNAs include both
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conserved and non-conserved micro-RNAs (miRNAs). miRNAs are a few dozen
nucleotides in length and posttranscriptionally regulate eukaryotic gene expression. Since
the discovery of RNA-based silencing systems, there have been some paradigm-shifting
changes in understanding gene regulation at the transcriptional and posttranscriptional
levels. For example, it was recently shown that miRNAs and small interfering RNAs
(siRNAs) inhibit translation (Brodersen ez al., 2008), in addition to their more familiar
roles in gene silencing and natural antisense interactions. Several research groups have
reported data on small RNAs in Arabidopsis (Llave et al., 2002; Xie et al., 2005; Axtell et
al., 2006; Rajagopalan et al., 2006; Howell et al., 2007). Unlike most animal miRNAs,
most plant miRNAs show near-perfect or perfect complementarity to their targets, and
slicing is believed to be their predominant, or exclusive, mode of action (Jones-Rhoades et
al., 2006). Databases are being generated in order to investigate the function, regulation
and evolution of small-RNA-based silencing pathways in plants. Therefore, we list some
information resources for small RNA analysis (Table 14.3).

Table 14.3. Small RNA databases.

Arabidopsis thaliana Small RNA Project http://asrp.cgrb.oregonstate.edu/
(ASRP)

Massively Parallel Signature Sequencing | http://mpss.udel.edu/
(MPSS) Database

Cereal Small RNAs Database http://sundarlab.ucdavis.edu/smrnas/
miRNA Precursor Candidates for http://sundarlab.ucdavis.edu/mirna/
Arabidopsis thaliana

Plant snoRNA Database http://bioinf.scri.sari.ac.uk/cgi-

bin/plant_snorna/home/

Role of RNA polymerase IV in plant small | http://epigenomics.mcdb.ucla.edu/smallRNAs/
RNA metabolism

Arabidopsis Small RNA Project Database
http://asrp.cgrb.oregonstate.edu/

The introduction of high-throughput sequencing technology has driven the development of
the Arabidopsis Small RNA Project (ASRP) database (Gustafson et al., 2005), which
provides information and tools for the analysis of microRNA, endogenous siRNA and
other small RNA-related features. In order to accommodate the demands of increased data,
numerous improvements and updates have been made to the ASRP database, including new
ways to access data, more efficient algorithms for handling data, and increased integration
with community-wide resources. New search and visualization tools have also been
developed to improve access to small RNA classes and their targets. ASRP contains small
RNA profiling data from a series of silencing-defective mutants, developmental stages, and
treatments, and it examines small RNA pathways at a genome-wide level. The information
can be retrieved as comma-separated value files. Each dataset is hyperlinked to the Gene
Expression Omnibus (GEO) (Barrett ez al., 2009) accessions; this database is user-friendly.

Massively Parallel Signature Sequencing Database
http://mpss.udel.edu/

Massively Parallel Signature Sequencing (MPSS) is a sequencing-based technology that
uses a method to quantify the level of gene expression, and thus generates millions of short
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sequence tags per library. The website provides a method for the quantification of gene
expression in specific plant tissues of Arabidopsis (Lu et al., 2005; Nakano et al., 2006),
rice (Nobuta et al., 2007) and grape using the MPSS technology. MPSS identifies short
sequence signatures produced from a specific position in an mRNA or small RNA
molecule, and the relative abundance of these signatures in a given library represents a
quantitative estimate of the expression of that gene. Additionally, SBS (sequencing by
synthesis) 454 pyrosequencing small RNA data is also available in this database. Detailed
information on each signature can be accessed by clicking on the corresponding triangle.

Cereal Small RNA Database
http://sundarlab.ucdavis.edu/smrnas/

The Cereal Small RNA Database (CSRDB) (Johnson et al., 2007) consists of large-scale
datasets of maize and rice small modulatory RNA (smRNA) sequences generated by high-
throughput pyrosequencing. The smRNA sequences have been mapped to the rice genome
and the available maize genome sequence, and these results are presented in two genome
browser datasets using the Generic Genome Browser. There are various ways to access the
data, including links from the genome browser to the target database. Data linking and
integration are the main focus of this interface, and internal as well as external links are
present.

Proteomics
Protein localization databases

The location of a protein can be predicted from its protein sequence using bioinformatic
means and experimental approaches. In fact, identifying proteins in specific subcellular
locations is considered to be very important for understanding cellular functions
(Heazlewood ef al., 2004). A variety of these bioinformatics programs are available, and
several studies have assessed their performances using genome-wide prediction of
localization (Richly et al., 2003; Heazlewood e al., 2005).

Many studies have employed mass spectrometry to undertake proteomic surveys of
subcellular components in Arabidopsis, and have thus yielded localization information on
~2600 proteins. Further information on protein localization may be obtained from other
literature on the analysis of locations (~900 proteins) (Gene Ontology Consortium, 2006),
location information from Swiss-Prot annotations (~2000 proteins), and location data
inferred from gene descriptions (~2700 proteins). Table 14.4 shows the list of the protein
localization databases.

Table 14.4. Protein localization databases.

SubCellular Proteomic Database http://www.plantenergy.uwa.edu.au/applications/suba2/
(SUBA)

Plant Proteome DataBase http://ppdb.tc.cornell.edu/
(PPDB)

Plastid Protein Database (plprot) http://www.plprot.ethz.ch/
Arabidopsis 2010 Peroxisomal http://www.peroxisome.msu.edu/

Protein Database
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SUB-cellular Location Database for Arabidopsis Proteins
http://www.plantenergy.uwa.edu.au/suba2/

The SUB-cellular location database for Arabidopsis proteins (SUBA) (Heazlewood et al.,
2007) houses large-scale proteomic and GFP localization sets from the cellular
compartments of Arabidopsis. It also contains precompiled bioinformatic predictions for
protein subcellular localizations. Currently, SUBA is based on the TAIR8 Arabidopsis
genome annotation. Presently, the subcellular location data available in SUBA are as
follows: 2323 entries based on chimeric fusion protein studies comprising 1538 distinct
proteins from 770 publications, and 9793 entries based on subcellular proteomic studies
comprising 4642 distinct proteins from 68 publications.

Plant Proteome DataBase
http://ppdb.tc.cornell.edu/

The Plant Proteome DataBase (PPDB) now includes data from maize in addition to data
from Arabidopsis. This database stores experimental data from in-house protecome and
mass spectrometry analysis and curated information on protein function, protein properties
and subcellular localization (Friso et al., 2004). The proteins are particularly curated for
possible plastid location and plastid function. Protein accessions identified in previously
reported Arabidopsis and other Brassicaceae proteomics papers are cross-referenced to
rapidly determine previous experimental identification by mass spectrometry (MS). Each
protein has a protein report page that summarizes all the protein information that is stored
in the PPDB. Each accession is hyperlinked to a few other databases to obtain additional
information on protein accession. These reports also provide detailed information on
similar mass spectrometry data and how these data map to the protein. One can search the
PPDB using the accession 1D (4Arabidopsis Genome Initiative (AGI) gene locus or ZmGI
accessions), protein name and function, proteome experiments (sample source by species,
organ, cell type, or subcellular fraction), biochemical pathway, etc.

PPI databases

High-throughput experiments have resolved genome-scale networks of PPIs (interactomes)
in yeast (Saccharomyces cerevisiae) (Uetz et al., 2000; Miller et al., 2005), the fruitfly
(Drosophila melanogaster) (Giot et al., 2003), the nematode worm (Caenorhabditis
elegans) (Li et al., 2004) and in human (Homo sapiens) (Rual ef al., 2005; Gandhi ef al.,
2006). These interactomes have revealed protein interactions in biological processes and
the relatedness of interacting partners. Interactomics is rapidly becoming a valuable new
area of systems biology through the comprehensive deduction of PPI networks that form
the basis for much of the signalling and regulatory control as well as the machinery of
cellular function. In the study of plants, several projects have been undertaken to
understand protein interaction networks in Arabidopsis. 1t is likely that there will be an
increasing need for analytical tools for the visualization of protein interactions to
understand the interactome through experimental means. A few examples of databases for
PPIs are listed in Table 14.5.
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Table 14.5. Protein-protein interaction databases.

Arabidopsis thaliana Protein http://atpid.biosino.org/
Interactome Database (AtPID)

Arabidopsis Interactions Viewer at | http://bar.utoronto.ca/interactions/cgi-
BAR bin/Arabidopsis_interactions_viewer.cgi

Arabidopsis Membrane http://www.associomics.org/
Interactome Project

Plant Unknown-eome DB (POND) | http://bioinfo.ucr.edu/projects/Unknowns/external/index.
html

Arabidopsis thaliana Protein Interactome Database
http://atpid.biosino.org/

Arabidopsis thaliana protein interactome database (AtPID) (Cui et al., 2008a) is a
centralized platform for depicting and integrating the information pertaining to PPI
networks, domain architecture, orthologue information, and GO annotation in the
Arabidopsis proteome. The PPI pairs are predicted by integrating several methods with the
Naive Bayesian Classifier. All other related information curated in the AtPID is manually
extracted from published literatures and other resources by expert biologists. This database
includes 28,062 PPI pairs of which 23,396 pairs have been generated by prediction
methods. Of the remaining 4666 pairs, 3866 pairs including 1875 proteins were manually
curated from the literature, and 800 pairs were obtained from enzyme complexes in the
KEGG (Kanehisa et al., 2002). In addition, the subcellular location information of 5562
proteins is available. AtPID was built via an intuitive query interface that provides easy
access to the important features of proteins. Orthologue maps, domain attributes, and
network displays are developed with crosslinks to other relevant external resources
(Hooper and Bork, 2005). In addition to protein interaction data, this database also contains
subcellular location annotations to nearly 5000 proteins from the SwissProt and SUBA
databases (Boeckmann et al., 2003; Heazlewood et al., 2007) and popular prediction tools,
including TargetP (Emanuelsson ef al., 2007), Predotar (Small et al., 2004) and MitoProtIl
(Claros and Vincens, 1996).

Arabidopsis Interactions Viewer at BAR
http://bar.utoronto.ca/interactions/cgi-bin/Arabidopsis_interactions_viewer.cgi

The Arabidopsis Interactions Viewer (AIV) allows one to view predicted and
experimentally determined PPIs in Arabidopsis; further, it queries a database of 70,944
predicted and 2779 confirmed interacting proteins in Arabidopsis (Geisler-Lee et al., 2007).
The protein information in this database is assigned to a subcellular location by using data
from SUBA (Heazlewood et al., 2007). Users can search PPI information by using the AGI
gene locus ID. The output page of the AIV contains a link to a clickable scalable vector
graphics, and the result can be downloaded in Excel and Cytoscape file format.
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Metabolomics
Metabolomics databases

Metabolomics is a novel experimental methodology categorized as an ‘omics’ approach
along with genomics, transcriptomics, and proteomics (Fiehn et al., 2001; Fiehn, 2002;
Nicholson et al., 2002; Sumner et al., 2003; Saito et al., 2008). Metabolomics is often used
in combination with the other ‘omics’ approaches to gain a deeper understanding of
biological processes, especially metabolism. Metabolomics is a powerful tool for the
characterization of metabolic phenotypes in highly complex cellular processes. The
different metabolites in the plant kingdom are estimated to reach 200,000 (Fiehn et al.,
2001; Fiehn, 2002). This fact is due to the great diversity in metabolic pathways that have
evolved in each plant species for survival under varying environmental conditions. Detailed
metabolite profiling of thousands of plant samples has great potential for directly
elucidating plant metabolic processes. Here, we describe a few resources available for
metabolomic studies (Table 14.6).

Table 14.6. Metabolomics databases.

DROP Met at PRIMe http://prime.psc.riken.jp/?action=drop_index

Golm Metabolome Database http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/gmd.html
(GMD) at CSB.DB

KNApSAcK http://kanaya.naist.jp/KNApSAcK/

NSF2010 Metabolomics http://lab.bcb.iastate.edu/projects/plantmetabolomics/
MoTo DB http://appliedbioinformatics.wur.nl/moto/

KOMICS http://webs2.kazusa.or.jp/komics/

McGill-MD http://metabolomics.mcgill.ca/

Data Resources of Plant Metabolomics at PRIMe
http://prime.psc.riken.jp/?action=drop_index

Data Resources of Plant Metabolomics (DROP Met) is a repository and distribution site of
the dataset obtained from our multiple MS-based metabolomic analyses (Matsuda et al.,
2009; Sawada et al., 2009). Various kinds of datasets, ranging from raw fundamental data
on analytical conditions to metabolic profiles of plant samples, can be accessed. This site
releases 32 raw liquid chromatography-electrospray ionization-mass spectrometry (LC-
ESI-MS) chromatogram data derived from four Arabidopsis tissues (flower, rosette leaf,
cauline leaf, and internode; eight replicates) and recorded in the NetCDF and ASCII format.
Detailed information on each data file is described in the meta information (.txt) by
following the Metabolomics Standards Initiative (MSI; http://msi-
workgroups.sourceforge.net/) recommendations. Users familiar with bioinformatics and
metabolomics will be able to develop novel algorithms and methodologies for
metabolomics using these datasets.

The Golm Metabolome Database at CSB.DB
http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/gmd.html

The Golm Metabolome Database (GMD) provides public access to custom mass spectra
libraries, metabolite profiling experiments, and other necessary information related to the
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field of metabolomics (Steinhauser et al., 2004). The contents of this database are the
‘GMD Page Tree,” “GMD Analytics,” ‘GMD mass spectral and retention time index
(MSRI) libraries,” ‘GMD Profiles,” and ‘GMD Tools.” The ‘GMD Page Tree’ refers to the
so-called site map. ‘GMD Analytics’ harbours information related to the analytical
technologies, methods and protocols integrated in GMD as well as other necessary
information related to the field of metabolomics. ‘GMD MSRI’ provides public access to
custom mass spectra libraries, which are implemented in the MSRI libraries. All libraries
can be imported in the National Institute of Standards (NIST) 02 software.

KNApSAcK
http://kanaya.naist.jp/KNApSAcK/

KNApSAcK (Shinbo ef al., 2006) includes 20,000 metabolites and the relative species
information of these metabolites. Information on natural products has been amassed with
special emphasis on the biological origins of these products. The user can retrieve
information on metabolites by entering the organism name, the name of the metabolite,
molecular weight, or molecular formula. KNApSAcK also has a search engine for the
analysis of mass spectrum data.

NSF2010 Metabolomics
http://lab.bcb.iastate.edu/projects/plantmetabolomics/

The NSF2010 Metabolomics project aims at developing metabolomics as the new
functional genomics tool for -elucidating the functions of Arabidopsis genes.
Approximately 1800 metabolites have been detected, of which 900 are chemically defined.
Users can browse experiment data and download the comma-separated value file and the
Microsoft Excel files. With regard to data analysis, ratio plots are available, and users can
compare metabolite levels under different experimental conditions by generating dynamic
ratio plots of the metabolites. By using this tool, users can obtain the names of all
experiments and gain access to the metadata of a chosen experiment. Users can expand
each experiment and choose any two experimental factors (for comparison) from two drop-
down lists.

Metabolome Tomato Database
http://appliedbioinformatics.wur.nl/moto/

The Metabolome Tomato Database (MoTo DB) (Moco et al., 2006) is a metabolite
database dedicated to LC-MS-based metabolomics of the tomato fruit. This database
contains all the information that has been obtained thus far using this LC-photodiode array
detection (PDA)-quadrupole time-of-flight MS platform, including retention times,
calculated accurate masses, PDA spectra, MS/MS fragments and literature references.
Unbiased metabolic profiling and comparison of peel and flesh tissues from tomato fruits
revealed that all flavonoids and alpha-tomatine were specifically present in the peel, while
several other alkaloids and some particular phenylpropanoids were mainly present in the
flesh tissue. These findings validated the applicability of the MoTo DB.
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Spectral databases

MS and nuclear magnetic resonance (NMR) spectroscopy as well as Fourier-transform
infrared (FT-IR) spectroscopy are extensively used in metabolomic studies. Although the
comparison of standardized measurements of compounds with data on metabolite mixtures
is a key step in metabolome analysis, insufficient standardized experimental spectral data is
freely accessible to allow researchers to identify all measurable metabolites (Cui et al.,
2008a). Furthermore, the use of standardized databases would allow for a more advanced
analysis of metabolite mixtures, such as covariance total correlation spectroscopy
(Robinette et al., 2008). The development of high-throughput measurements of large
numbers of metabolites in plants is a result of rapid advances in MS-based methods and
computer hardware and software (Last et al., 2007). Examples of spectral databases are
listed below and in Table 14.7.

Table 14.7. Spectral databases.

National Institute of Standards
and Technology (NIST) Scientific
and Technical Databases

http://www.nist.gov/srd/analy.htm

MassBank

http://www.massbank.jp/index.html?lang=en

Madison Metabolomics
Consortium Database (MMCD)

http://mmcd.nmrfam.wisc.edu/

MS/MS spectral tag (MS2T)
libraries at PRIMe

http://prime.psc.riken.jp/lcms/ms2tview/ms2tview.html

NMRShiftDB

http://nmrshiftdb.ice.mpg.de/

Biological Magnetic Resonance
Data Bank

http://www.bmrb.wisc.edu/metabolomics/

Standard spectrum search at
PRIMe

http://prime.psc.riken.jp/?action=standard_index

Mass Spectral and Retention
Time Index (MSRI) libraries at
CSB.DB

http://csbdb.mpimp-
golm.mpg.de/csbdb/gmd/msri/lgmd_msri.html

Spectral Database for Organic
Compounds (SDBS)

http://riodb01.ibase.aist.go.jp/sdbs/cgi-
bin/direct_frame_top.cgi

NIST Scientific and Technical Database

http://www.nist.gov/data/

For over 40 years, NIST has provided well-documented numeric data to scientists and
engineers for technical problem-solving, research and development. These recommended
values are based on data that have been extracted from the world’s literature, assessed for
reliability, and subsequently evaluated to select the preferred values. NIST provides a
comprehensive dataset as well as online systems that help the analytical chemist identify
unknown materials and obtain physical, chemical and spectroscopic data on known
substances. The NIST/EPA/NIH Mass Spectral Library needs the purchase to get available
and presently includes 191,436 compounds with spectra. This library is available with the
NIST MS Search Program for Windows, which also includes integrated tools for GC/MS
deconvolution, mass interpretation, and chemical substructure identification.
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MassBank
http://www.massbank.jp/index.html?lang=en

MassBank (Horai ef al., 2008) covers high-resolution spectra from a wide range of hybrid
MS, ESI-MS and tandem MS analyses, and includes comprehensive data on spectra
measured under various experimental conditions (ionization methods, collision methods,
etc.). Presently, MassBank contains over 10,000 mass spectra and 1000 compounds. Many
compounds were measured by multiple MS methodologies such as quadruple time-of-flight
MS (QqTOF-MS), GC/TOF-MS, LC/TOF-MS, LC/triple quadruple tandem-MS/MS
(LC/QqQ-MS/MS) and capillary electrophoresis/TOF-MS (CE/TOF-MS). Moreover,
MassBank database can be queried by spectral similarity which is based on a vector space
search algorithm and is expanded to obtain real value (m/z) data.

Madison Metabolomics Consortium Database
http://mmcd.nmrfam.wisc.edu/

Madison Metabolomics Consortium Database (MMCD) (Cui et al., 2008b) contains data
based on NMR spectroscopy and MS measurement. Presently, it serves as a hub for
information obtained on small molecules of biological interest from databases and
scientific literature. Information on each metabolite entry in the MMCD is available in an
average of 50 separate data fields. These data fields provide chemical formulae, names and
synonyms, structural data, physical and chemical properties, NMR and MS data of pure
compounds under defined conditions where available, NMR chemical shifts determined by
empirical and/or theoretical approaches, calculated isotopomer masses, and information on
the presence of the metabolite in different biological species. Further, extensive links to
images, references and other public databases such as KEGG (Kanehisa et al., 2002) and
PubChem (Wang et al., 2009) are provided. The MMCD search engine supports versatile
data mining and allows users to make individual or bulk queries on the basis of
experimental NMR and/or MS data as well as other criteria. The database mainly contains
Arabidopsis data; however, it can also be referred to other organisms. In MMCD, the entry
for each compound contains two-dimensional and three-dimensional representations of
covalent structure, calculated masses for several different monoisotopic compositions,
empirically predicted chemical shifts and, where available, experimental NMR chemical
shifts and LC-MS data collected under defined conditions.

MS/MS spectral tag libraries at PRIMe
http://prime.psc.riken.jp/lcms/ms2tview/ms2tview.html

The objective of ‘non-targeted’ metabolic profiling analysis is to understand the
mechanisms underlying metabolic events in plants by determining all detectable
metabolites. Of the various profiling techniques, non-targeted analysis using LC-MS is a
promising tool for investigating the diversity of phytochemicals (Villas-Boas et al., 2005;
Dettmer et al., 2007; Bottcher et al., 2008); this tool is known to be as effective as methods
employing GC-MS (Tikunov et al., 2005; Moco et al., 2007). MS/MS spectral tag (MS2T)
libraries (Matsuda et al., 2009) of metabolites in Arabidopsis are created from a set of
MS/MS spectra acquired using the automatic data acquisition function of the mass
spectrometer. A peak annotation procedure based on the MS2T library was developed for
informative non-targeted metabolic profiling analysis involving LC-MS. From this library,
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users can obtain structural information for peaks detected during metabolic profiling
without the need for performing additional MS/MS analysis; structural information can be
obtained by searching for the corresponding MS2T accession in the libraries.

Pathway databases

In order to understand the molecular basis of life, it is important to clarify the relationships
between cells, organisms and the biosphere. Hence, in the recent years, interactions
between and pathways involving genes and molecules are rapidly being organized after
which protein activities, gene annotations and metabolites will be integrated into a single
database. Some databases for metabolic pathways are listed in Table 14.8.

Table 14.8. Pathway databases.

AraCyc at TAIR http://www.Arabidopsis.org/biocyc/index.jsp
PlantCyc http://plantcyc.org/

Kyoto Encyclopedia of Genes and http://www.genome.jp/kegg/pathway.html
Genomes (KEGG) Pathway Database

MetaCrop http://metacrop.ipk-gatersleben.de/
MapMan http://gabi.rzpd.de/projects/MapMan/
Kazusa Plant Pathway Viewer (KaPPA- http://kpv.kazusa.or.jp/kpv3/guestindex.jsp
View)

Metabolic Pathway Search at KATANA http://www.kazusa.or.jp/katana/pathway.html
MetaCyc http://metacyc.org/

BioCyc http://biocyc.org/

AraCyc

http://www.Arabidopsis.org/biocyc/

AraCyc (Mueller et al., 2003) provides access to manually curated or reviewed information
on metabolic pathways in Arabidopsis— the model plant. These pathways may be unique to
Arabidopsis or common to other organisms. Presently, this database features more than 170
pathways, and includes information on compounds, intermediates, cofactors, reactions,
genes, proteins, and subcellular locations of proteins. The database uses the Pathway Tools
software (Karp et al., 2002), which allows users to visualize all pathways in the database
down to the individual chemical structures of the compounds.

PlantCyc of the Plant Metabolic Network
http://plantcyc.org/

PlantCyc contains pathways and the catalytic enzymes and genes involved in pathways as
well as compounds from many plant species. Majority of the pathway diagrams in PlantCyc
were manually extracted from the plant literature. They are either supported by
experimental evidence or are based on expert hypotheses. A small portion of the pathways
were computationally predicted. These pathways are known to exist in non-plant organisms
but have not been found in plants. However, some hints indicate that plants may utilize the
same pathway or similar routes. Both experimentally verified and computationally
predicted enzymes and genes are assigned to pathways. Evidence codes are designated to
the pathways and genes/enzymes are assigned in order to provide information on data
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quality. In addition to new pathways curated in-house, the first release of PlantCyc contains
all pathways from AraCyc (Mueller et al., 2003), all plant pathways from MetaCyc (Caspi
et al., 2008), and a number of curated pathways from other plant pathway databases
including RiceCyc (Jaiswal et al., 2006) and MedicCyc (Urbanczyk-Wochniak and Sumner,
2007). Moreover PlantCyc integrates computational assignments of enzymes and genes
from other plant pathway databases including AraCyc, RiceCyc, MedicCyc, and SolaCyc.

KEGG PATHWAY
http://www.genome.jp/kegg/pathway.html

The KEGG pathway contains information on metabolites and genes as well as graphical
representations of metabolic pathways and complexes derived from various biological
processes (Kanehisa et al., 2002). Thus far, 94,739 pathways generated from 327 reference
pathways for over 200 organisms, including Arabidopsis and rice, have been constructed.
Maps of organism-specific metabolic pathways can be generated on the basis of the
assignment information in the KEGG/GENES database.

MetaCrop
http://metacrop.ipk-gatersleben.de/

MetaCrop (Grafahrend-Belau er al., 2008) is a database containing manually curated,
highly detailed information on metabolic pathways in crop plants; this database includes
location information as well as information on transport processes and reaction kinetics.
The web interface enables an easy exploration of information from overview pathways to
single reactions, and thus helps users understand the metabolism of crop plants. It also
supports automatic data export for the creation of detailed models of metabolic pathways in
order to support simulation approaches. MetaCrop contains hand-curated information on
approximately 40 major metabolic pathways in various crop plants; in particular, the
metabolism of agronomically important organs such as seed or tuber is available. In this
database, species of both monocotyledons and dicotyledons are represented. Information on
involved metabolites, stoichiometry, and the precise location (species, organ, tissue,
compartment, and developmental stage) has been incorporated in the reactions.
Furthermore, with regard to central metabolism (glycolysis, TCA cycle), kinetic data of the
reactions are available. References and relevant PubMed IDs are provided. In order to have
a controlled vocabulary for allowing the comparison of data from different sources,
ontology terms have been used. In total, the database currently contains information for six
major crop plants (approximately 400 enzymatic reactions, 60 transport processes, 6
compartments, and 600 references) and initial information for several more crop plants. All
information was manually extracted through an extensive survey of literature and online
databases.

MapMan
http://gabi.rzpd.de/projects/MapMan/

MapMan (Thimm et al., 2004; Usadel et al., 2005) is a user-driven tool that displays large
genomics datasets onto diagrams of metabolic pathways or other processes. MapMan
consists of a Scavenger module that collects and classifies the measured parameters into
hierarchical functional categories, and an ImageAnnotator module that uses these
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classifications to organize and display data on diagrams of the user's choice. Each gene is
represented by a discrete signal, allowing individual responses to be identified. Signals for
genes that are involved in a particular process are grouped spatially, making it possible to
discern general trends that would be less apparent from lists of individual genes. Now,
users can browse more than a dozen sample data sets. Moreover the MapMan has been
distributed as a JAVA application, therefore, users can perform their analyses by using
their own PCs.

Kazusa Plant Pathway Viewer
http://kpv.kazusa.or.jp/kappa-view/

With advances in DNA array technology, vast amounts of transcriptome data have been
produced, and mass spectrometers have contributed to the massive production of
metabolome data. Interpretation of metabolome data in conjunction with transcriptome data
is one of the major concerns associated with research on the identification of metabolism-
related gene functions. Kazusa Plant Pathway Viewer (KaPPA-View) (Tokimatsu et al.,
2005) facilitates the representation of quantitative data for individual transcripts and/or
metabolites on plant metabolic pathway maps, and easy comprehension of the transcripts
and metabolites; this in turn facilitates investigation into the hypotheses of gene functions
in metabolic pathways.

Assembly of Transcriptomics and Metabolomics

In order to understand the mechanisms underlying the functioning of a living organism by
linking a range of information from the genome, transcriptome, proteome and metabolome
of the organism, it is essential to have a platform that is capable of integrating a range of
‘omics’ data so that these data can be analysed together. ‘Batch-learning self-organizing
map’ (BL-SOM) is one of the tools that can support such integrated analyses (Kanaya et al.,
2001; Abe et al., 2003). The transcriptome and metabolome datasets of this tool consist of
a matrix in which signal intensities are arranged in multiple columns (experimental series)
and multiple rows (gene and metabolite IDs). BL-SOM can analyse an integrated matrix of
both transcriptome and metabolome data after appropriate normalization of the data and
preliminary calculations; thus, this tool allows researchers to visualize the correlations
between elements. Genes and metabolites are classified into clusters in a two-dimensional
‘feature map’ based on the expression and accumulation patterns of genes and metabolites.
The high reproducibility and resolution supported by BL-SOM enable the elucidation of
gene-to-metabolite, gene-to-gene and metabolite-to-metabolite correlations, which facilitate
the identification of a gene’s function (Hirai ef al., 2004, 2005).

One example stated above is PRIMe (Akiyama et al., 2008). PRIMe is a web site that
has been designed and implemented to support research and analysis workflows ranging
from metabolome to transcriptome analysis. This site provides access to a growing
collection of standardized measurements of metabolites obtained by using NMR, GC-MS,
LC-MS, CE-MS, and metabolomics tools that support related analyses (SpinAssign for the
identification of metabolites by means of NMR, and KNApSAcK (Shinbo et al., 2006) for
searches within metabolite databases). In addition, the transcriptomics tools support
Correlated Gene Search, and Cluster Cutting for the analysis of mRNA expression. The use
of these tools and databases can contribute to the analysis of biological events at the level
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of metabolite and gene expression. For Arabidopsis thaliana, we describe one example of
such an analysis using BL-SOM (Kanaya et al., 2001), which can be accessed from the
web site.

Conclusion

Because of space constraints, we were unable to introduce all the existing databases and
tools; however, several hundreds of information resources for plant research have been
generated and are being updated. This implies that our research environment is also
improving. We can reduce the cost of research activities and efficiently focus on further
advancements in our studies, which will generate newly analysed results. In other words,
new information resources will be more enriched, and will certainly accelerate research in
the field of plant sciences. The recent technological advancement in the proteome and
metabolome research areas is remarkable. We strongly feel that there have been increasing
advances in studies on proteomics and metabolomics. Similarly, there is an increasing need
for the study of phenomics. Further, we should consider using new integrative techniques
and methods for our future research. If advancements in these are successful, we may
obtain further insights into cells and life systems.
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Chapter 15

Docking-based Virtual Screening of Anticancer
Drugs

Feroz Khan, Abha Meena and Ashok Sharma

Introduction

To combat life-threatening diseases such as AIDS, cancer, tuberculosis, malaria etc., the
only way to fight is by the development of new, effective drugs, at a fast pace. Drug
discovery and development is an intense, lengthy and an interdisciplinary endeavour. Drug
discovery is mostly portrayed as a linear, consecutive process that starts with target and
lead discovery, followed by lead optimization and pre-clinical in vitro and in vivo studies to
determine if such compounds satisfy a number of pre-set criteria for initiating clinical
development. For the pharmaceutical industry, the number of years to bring a drug from
discovery to market is approximately 13—15 years and costing up to $1.3-$1.5 billion
dollars. Traditionally, drugs were discovered by synthesizing compounds in a time-
consuming multi-step process against a battery of in vivo biological screens and further
investigating the promising candidates for their pharmacokinetic properties, metabolism
and potential toxicity. Such a development process has resulted in high attrition rates with
failures attributed to poor pharmacokinetics, lack of efficacy, animal toxicity, adverse
effects in humans and various commercial and miscellaneous factors. In addition to that,
toxicity/dosage in the form of ICs, (inhibitory concentration) or LDs, (lethal dose) of drugs
is determined by testing on laboratory animals, unnecessarily killing them. Moreover, if
multiple drug resistance is developed against any of these drugs that required so many
years to be developed, the whole process would have to be started all over again, where
again we are left without a drug against the disease. Along with the current problems, once
a biologically active compound has been synthesized in the laboratory not all are suitable to
be used as drugs due to toxicity, unfavourable side-reactions, or pharmacokinetics. After
the synthesis and aside from the desirable therapeutic properties, the testing and approval
of many rigorous tests are required to ascertain whether the compounds are worthy of
becoming drugs. An undesirable proportion of compounds with good biological activity
fails to progress to later stages of drug development because of inappropriate
pharmacokinetic and pharmacodynamic properties. Today, the process of drug discovery
has been revolutionized with the advent of genomics, proteomics, bioinformatics and
efficient technologies such as combinatorial chemistry, high throughput screening (HTS),

©CAB International 2010. Medicinal Plant Biotechnology 244
(ed. Rajesh Arora)



Virtual Screening of Anticancer Drugs 245

virtual screening, de novo design, in vitro, in silico ADMET screening and structure-based
drug design. Computational models are useful because they rationalize a large number of
experimental observations and therefore allow saving time and money in the drug design
process. In addition, they are useful in areas like design of virtual compound collections,
computational-chemical optimization of compounds and design of combinatorial libraries
with appropriate ADME properties.

An increasing number of protein crystallographic structures are becoming available
from high-throughput structural genomics projects, thus prediction of a potential lead and
its potential target is a fundamental step in order to investigate the molecular recognition
mechanism of a protein (Abagyan et al., 1994; Abagyan and Totrov, 2001). For lead
identification and optimization, wet lab and dry lab (in silico) methods are effectively
applied to speed-up the process of drug discovery (Anderson and Chiplin, 2002). The lead
molecules modulate the function of the target proteins and are later optimized to
therapeutic drug against a specific disease (Gane and Dean, 2000; Klebe, 2000).
Nowadays, to check the binding affinity of the target receptor with the library compounds
computational screening method e.g. Virtual Screening (VS) is widely applied and used by
many researchers to save the wet lab economy and time (Walters er al., 1998;
Subramaniam et al., 2008). Here we attempt to virtually screen the chemical compounds
and phytomolecules against known anti-cancer targets based on both Quantitative
structure-property/activity relationships (QSPR) and docking studies without any prior
knowledge about the nature of the interaction and target’s active sites (Shoichet ef al.,
2002; Veber ef al., 2002). We postulate that the structure itself is informative enough, thus
consider the whole protein for docking studies. To generate a list of potential drug
candidates, drug likeness was established in parallel to high throughput ligand docking
(Lipinski, 2000). We have demonstrated that our approach can successfully identify and
predict leads and their binding targets in both complexed and apo-structures (Klebe, 2000).
For large-scale identification, we used QSPR and docking parameters on diverse
compounds e.g. antimalarials, antipruritics, antifungal, antiprotozoal, anti-infective,
coccidiostats etc. and are able to generate good results. This fast and accurate method can
be used to identify possible binding for orphan receptors and vice versa, or for
uncharacterized secondary binding of known receptors. In the studied work, QSPR,
Lipinski’s rule of five filter and docking studies were performed for the virtual screening of
potential leads, suggesting action of compounds on the anticancer targets. A total of 100
compounds were used for library building, mostly belongs to anticarcinogenic
pharmacological category. For automated docking strategies, we used 16 known anticancer
targets. Results showed that only 68 compounds were found eligible as potential anticancer
drug leads. This fast and accurate method can be used to identify possible binding for
orphan receptors, or for uncharacterized secondary binding of known receptors. It can also
be used to prioritize novel targets.

Methodology
Structure cleaning and preparation

Crystal structures of anticancer receptors obtained from the Brookhaven Protein Databank
(Berman et al., 2000) were converted from .pdb to .csf format using standard functionality
from the Workspace module of Scigress Explorer 7.7.0.47. This included automatic typing
of each ligand atom based on the geometry found in the crystal structure and addition of
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hydrogens as necessary. Atom typing of protein residues and addition of hydrogens to them
was carried out by reference to standard protein libraries keyed to residue type. Terminal
rotors such as methyl and hydroxyl groups were then relaxed to avoid distortion of scores
by spurious steric clashes with the added hydrogen atoms. To ensure the compound
availability or the synthetic feasibility, we used only reported anticarcinogenic compounds
for VS. We also analysed and consider tautomeric states of molecules for screening, since
these shows interaction with the active site residues of the target (Lipinski ez al., 1997).

Collecting uncomplexed structures

To find out the potential active site with minimum docking interaction energy in the
uncomplexed protein structure (apo-structures), we consider cleaned monomer unit of
target protein as an active site for docking based virtual screening. Note that unliganded
pockets may not be as obvious as the liganded pockets due to the ligand induced
conformational changes. Side-chains often obstruct a part of the pocket in the absence of
the ligand. Scigress Explorer docking runs utilized the default parameters provided with the
docking module.

Building of virtual compound/phytomolecules library

We built an in silico compounds and phytomolecules library prior to virtual screening
based on anticarcinogenic activity. All the compounds and phytomolecules were retrieved
through PubChem database at NCBI web server. To made the diversified compound library
and also for comparative study, we randomly included compounds and phytomolecules in
the library from other pharmacological categories. For comparison we grouped all the
compounds in three datasets viz.: (i) known or reference data set, which includes only
reported leads e.g. allicin, catechin and camptothecin against studied 16 anticancer
receptors; (ii) unknown data set, which includes all the anticarcinogenic compounds and
phytomolecules without any information of receptors/targets; and (iii) diverse unknown
data set, which includes compounds/phytomolecules other than anticarcinogenic activity
e.g. anti-malarial. The basis behind such an analysis is that, similar compounds exhibit
similar physicochemical and biological properties. A chemical library enriched with the
representatives of dissimilar compounds or diverse chemical structures shall increase the
probability of finding different leads with similar biological activities. It also ensures that
the library is small but diverse enough to be readily managed.

Descriptors for small molecules

The problem of explicitly representing and storing small molecules as finite-dimensional
vectors has a long history in chemoinformatics and a multitude of molecular descriptors
have been proposed. These descriptors include in particular physicochemical properties of
the molecules, such as its solubility or logP, descriptors derived from the 2D structure of
the molecule, such as fragment counts or structural fingerprints, or descriptors extracted
from the 3D structure. We evaluated the performance of all combinations of these
descriptions on the compound library data, which contains three known and 86 potential
anticarcinogenic lead molecules and 11 unknown diverse data. However, in all cases, we
obtained significant improvements of the screening accuracy with respect to the individual
setting.
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Virtual screening of library

In silico virtual screening of receptors is however a daunting task, both for receptor-based
approaches (docking) and for ligand-based approaches (QSPR/QSAR). The former relies
on the prior knowledge of the 3D structure of the protein, while the latter relies on the prior
knowledge of the chemical’s structure property and activity relationships. However, their
accuracy is fundamentally limited by the amount of known ligands and degrades when few
ligands are known. Docking studies includes two goals: to rapidly determine the most
likely binding mode of leads and to return some measure of its estimated binding affinity
for the target protein. In the studied work, we used a combination of both receptor and
ligand based screening methods. Firstly we used cleaned 3D structures of the known and
potential anticancer targets to search for potential phytomolecules or compounds that can
modulate the receptor function. Each of the library compounds is docked into the known
anticancer receptor binding site and the best one is predicted. Secondly we used
physicochemical properties of the anticarcinogenic compounds and phytomolecules for
screening potential leads based on QSPR and docking studies. For the drug likeness filter
we used the ‘Rule of Five’ screening method. Finally potential leads are ranked on the
basis of QSPR and docking scoring function. During molecular docking, we avoided target
flexibility parameter and use of homology models since we included the reported
anticancer receptors. A brief sketch of methodology has been shown in Fig. 15.1.

Drug-likeness filter

The drug-like compounds represent adsorption, distribution, metabolism and excretion
profiles as determined by Lipinski’s rule of five. This method is not a QSTR as there is no
quantitative structure—toxicity relationship with any experimental data. The number of
‘violations’ of Lipinski’s rules is claimed to be an indication of the absorbability of a
molecule. The drug-like compounds resemble the existing drug molecules and show
properties such as MW< 500, LogP <5, H bond acceptors <10 and H bond donors <5.

Toxicity filter

To minimize expensive drug failures in the later stage of drug discovery, toxicity related
experimental data are essential. Prediction of toxicity before the synthesis of compounds
ensures the removal of compounds with potential toxic effects. Considering this fact, we
used only those compounds which were experimentally verified in prior toxicity studies.
Compound’s safety and toxicological data were verified through authentic toxicity
databases especially for anticarcinogenic compounds such as CCRIS- carcinogenicity,
tumour promotion, tumour inhibition and mutagenicity tests (http://toxnet.nlm.nih.gov),
EINECS - European Inventory of Existing Commercial Chemical Substances
(http://ecb.jrc.it/esis/), GENETOX- genetic toxicology information
(http://toxnet.nlm.nih.gov/), TOXLINE- citations to the toxicological literature
(http://toxnet.nlm.nih.gov/) and NTP DBS- toxicological assay results (http:/ntp-
apps.niehs.nih.gov/ntp_tox/).
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Fig. 15.1. Methodology flowchart for virtual screening of anticancer leads and
development of QSAR/QSPR model.

Binding affinity of proteins/ligand

Estimation of ligand—protein affinity/ligand—-DNA or drug—target affinity is one of the
major and most basic steps in drug discovery, developing QSAR models etc., since only
those potential molecules are taken up further for analysis which demonstrate a desirable
binding for the targeted receptor. This technique also helps in determining the
pharmacological activity of the lead compound and thus develops its QSAR models.
Binding affinity is calculated by docking, based on different kinds of scoring functions
such as PMF (potential of mean force), PLP, G-score, F-score, LigScore, X-score etc.; the
basic assumption here is that a good docking score indicates that the molecules bind to each
other.
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Quantitative Structure Activity/Property Relationship (QSAR/QSPR)

Structure—function correlation studies aim at broadening the understanding of relationships
between molecular intrinsic chemical features and biological properties. While many
QSAR analyses involve the interactions of a family of molecules with an enzyme or
receptor binding site, QSAR can also be used to study the interactions between the
structural domains of proteins. Protein—protein interactions can be quantitatively analysed
for structural variations resulted from site-directed mutagenesis. In simple words QSAR
help us in understanding how a particular property e.g. high melting point or a
pharmacological property such as anti-inflammatory might be attributed to a side chain,
chemical group, ring structure etc.

For example, see Table 15.11, summarizing an anti-malarial QSAR model for the
prediction of biological activity (IC50) and other dependable chemical structure’s
descriptors.

QSAR Model Equation:

Predicted log ICsy (D) = - 0.071944*F + 0.00188086*H + 0.0844403*I + 0.650836*K +
0.0467254*T + 0.598326*AA - 0.306307*AD + 1.45219

Where, F= Atom Count (all atoms), H= Conformation Minimum Energy (kcal/mol), 1=
Dipole Moment (debye), K= Dielectric Energy (kcal/mol), T= Polarizability, AA= Ring
Count (aromatic 6 membered) and AD= Size of Smallest Ring. With best fit relationship
regression line showing regression value of r’=0.998482 and prediction accuracy of
rCV?=0.994135, where, r* = Regression coefficient and rCV* = Cross-validated regression
coefficient. (Standard error = 0.029061)

Mostly it would be better to consider following classes of chemical structure
descriptors, while developing QSAR model:
1. Constitutional descriptors: molecular weight, halogenated atom counts and functional
group counts (amine, carbonyl, carboxylic acid, hydroxyl, nitrile, nitro group) etc.
2. Electrostatic descriptors: partial charges, charged surface areas etc.
3. Topological descriptors: Kier and Hall connectivity indices (zero order, first order and
second order) and valence connectivity indices (zero order, first order and second order)
etc.
4. Geometrical descriptors: solvent accessible surface, isosurface volume, molar volume
etc.
5. Quantum-chemical descriptors: dipole moment, quadrupole moment, polarizibility,
HOMO and LUMO energies, dielectric energy etc.

For example, LogP: The octanol-water partition coefficient. Solvent accessible surf area
(SASA): The molecular surface area accessible to a solvent molecule. Polarizability (P):
The molecule's average alpha polarizability. Smallest ring size (SRS): Information about
rings present in the compound. Rings with more than 12 atoms are ignored. The number of
atoms forming the smallest ring in the compound, or 0 if the compound contains no ring of
size 12 or less. Ring count (RC): The number of rings present in the compound. Rings
with more than 12 atoms are ignored. The number of rings with 12 or fewer atoms (All= all
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aromatic, small, 5-membered, 5-membered aromatic, 6-membered, 6-membered aromatic,
large, large aromatic). Molar refractivity (MR): The molar refractivity of the compound.
LUMO energy: The energy gained when an electron is added to the lowest unoccupied
molecular orbital (LUMO). Ionization potential (IP): The energy required to remove an
electron from a molecule in its ground state. HOMO energy: The energy required to
remove an electron from the highest occupied molecular orbital (HOMO). Heat of
formation (HF): The energy released or used when a molecule is formed from elements in
their standard states. Conformation minimum energy (CME): Energy calculated for an
optimized conformation of the compound. Formal Charge (FC): The net positive or
negative charge on the molecule. Atom count (AC): The number of atoms. Bond count
(BC): The number of bonds. Weak and ionic bonds are ignored.

Docking

As mentioned above, for high throughput screening of the lead compounds, whether using
the target based or ligand based approaches, we need to dock the ligand into the receptor.
Essentially docking is a method which predicts the preferred orientation of one molecule to
a second when bound to each other to form a stable complex. Knowledge of the preferred
orientation in turn may be used to predict the strength of association or binding affinity
between two molecules using scoring functions. Molecular docking can be thought of as a
problem of lock-and-key, where one is interested in finding the correct relative orientation
of the key which will open up the lock. Here, the protein can be thought of as the ‘lock’
and the ligand can be thought of as a ‘key’. Molecular docking may be defined as an
optimization problem, which would describe the ‘best-fit’ orientation of a ligand that binds
to a particular protein of interest.

Results and Discussion

QSPR approach was used to develop a regression equation that describes the correlation
between experimental data and certain calculated descriptors based on the molecular
structure. The derived equation was then used to predict the properties of new or
hypothetical molecules from their structure alone, reducing the need for experimental
synthesis and measurement. The purpose of studied work was to find the best correlation
coefficient (1) and the best cross-validated coefficient (rCV?), between the experimental
data and various descriptors that we calculated, while minimizing the number of descriptors
used. Correlation coefficient indicates how well the experimental data fits the regression
equation, while cross-validated coefficient indicates the ability of the regression equation to
predict unknowns. Results indicate values closer to unity, thus showed better correlation.
The ‘Lipinski’s Rule of Five’ predicts that poor adsorption or permeation of a drug is more
likely when there are more than 5 H-bond donors, more than 10 H-bond acceptors, the
molecular weight is greater than 500, and the calculated LogP is greater than 5. Molecular
weight and LogP can be calculated directly. The total number of hydrogen atoms bonded to
oxygen (OH) or nitrogen (NH) is considered to be a good index of H-bond-donor count,
while the sum of the oxygen atoms and nitrogen atoms is considered to be an acceptable
indicator of H bond acceptor count.
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Our results demonstrate that VS approaches outperform individual approach, in
particular in cases where very limited or no ligand information is available. In the case of
well studied targets, more classical ligand-based methods (QSAR) may be better suited to
predict new strong binders from a large number of known ligands. Since normally VS
approach is a ligand-based approach, it would probably be interesting to use it in
combination with docking. Indeed, although prior known ligands can help tuning docking
procedures to the receptor under study, it can in principle be used with little or no ligand
information. When more experimental 3D structures become available for Targets in the
future, this will help building reliable models for a wider range of Targets that would be
suitable for docking studies. Joint use of ligand-based VS and docking would certainly
improve predictions.

Instead of focusing on each individual target independently from other proteins, we
used VS to screen compounds against several targets of the same family simultaneously.
This systematic screening of interactions between the compounds and protein targets can
be thought of as an attempt to fill a large two dimentional interaction matrix, where rows
correspond to compounds and columns to protein targets. Compound entry in the row
indicates whether it can bind to target in the column or not. While in general the matrix
may contain some description of the strength of the interaction, such as the docking score
of the complex, which reflect minimum binding interaction energy. While classical docking
or ligand-based virtual screening strategies focus on each single row independently from
the others in this matrix, i.e., treat each target independently from each others, the VS
approach is motivated by the observation that similar molecules can bind similar proteins,
and that information about a known interaction between a ligand and a target could
therefore be a useful hint to predict interaction between similar molecules and similar
targets. This can be of particular interest when, for example, a particular target has few or
no known ligands, but similar proteins have many: in that case it is tempting to use the
information about the known ligands of similar proteins for a ligand-based virtual
screening of the target of interest. In this context, we can formally define VS as the
problem of predicting interactions between a molecule and a ligand (i.e., the unknown
entries of the matrix) from the knowledge of all other known interactions or non-
interactions (i.e., the known entries of the matrix refer by reference data set).

Example: Case study on anticancer compounds

In the studied work, all the 100 compounds of library were used for QSPR relationship
comparison, rule of five filtering and docking studies separately. For the identification of
potential leads, we filter out compounds violating the ‘Rule of Five’ for drug likeness. In
this case study example, 71 out of 100, library compounds follow the Lipinski’s rule of five
(Table 15.1), while rest 29 compounds violate the Lipinski’s rule, thus rejected as potential
leads (Table 15.2). These 29 compounds predicted to have poor adsorption or permeation
ability because of one or more following features: more than 5 H-bond donors, more than
10 H-bond acceptors, the molecular weight is greater than 500 and the calculated LogP is
greater than 5. Out of these 29 compounds, 11 showed poor interaction energy with known
16 anticancer receptors through molecular docking studies (Table 15.3), while 18 showed
good interaction energy (Table 15.4) with known 16 anticancer Human and mammalian
receptors (Table 15.5), this indicates that apart from rule of five, some compounds
exceptionally may act as good leads, but may show low efficacy power in terms of
pharmacokinetic studies. On the other hand, 68 out of 71 compounds showed both good
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docking interaction with known anticancer receptors and also favours the Lipinski’s rule of
five, thus selected as potential anticancer leads (Table 15.6), while 3 compounds showed
poor docking interaction with receptors, thus rejected for further studies. After docking
studies, quantitative data prediction analysis have been performed for best selected 68
compounds based on 3D chemical structures (Table 15.7), so that to built the QSAR/QSPR
mathematical model for the prediction of biological activity of unknown compounds and
also to find out the dependable descriptors responsible for anticancer activity through
regression statistical analysis (see example of anti-malarial QSAR model in Table 15.11).

Table 15.1. The library compounds (71) favours the ‘Lipinski’s
drug likeness or druggability.

Rule of Five’ as a test for

PubChem Compound ID (71 in numbers)

Druggability Test

CID_16741, CID_47318, CID_65036, CID_3712,
CID_5280373, SID_12013078, SID_210967, SID_49834379,
SID_17396662, CID_24360, CID_16590, CID_11617,
CID_9685, CID_5708, CID_5350, CID_5311, CID_5057,
CID_5056, CID_65781, CID_3752, CID_4018, CID_10630736,
CID_10678455, CID_10923720, CID_11000304,
CID_11778794, CID_11821800, CID_23663982, CID_68781,
CID_114835, CID_114866, CID_147004, CID_440623,
CID_495574, CID_634470, CID_638034, CID_1548910,
CID_3001662, CID_3070413, CID_4141487, CID_5281232,
CID_5282435, CID_5381733, CID_5385552, CID_5472495,
CID_6158261, CID_9064, CID_969516, CID_5281767,
CID_442783, CID_10666836, CID_10595440, CID_16666,
CID_1254, CID_165675, CID_19244, CID_10607, CID_72,
CID_3071, CID_6398761, CID_6712212, CID_9547315,
CID_9776851, CID_9802152, CID_9931851, CID_10084664,
CID_10251785, CID_10378578, CID_10523508,
CID_10534893, CID_10612216

Lipinski’s Rule of Five:
- Mol. weight < 500
-LogP <5

- H-bond donors <5

- H-bond acceptors < 10

Inference =

Drug like properties

Table 15.2. The library compounds (29) violating the ‘Lipinski’s Rule of Five’.

PubChem Compound ID (29 in No.)

Druggability Test

CID_16219940, CID_16197727, CID_122127, CID_65064,
CID_446925, CID_5978, CID_5385555, CID_13342,
CID_5280531, CID_5319123, CID_5316150, CID_5281235,
CID_72495, CID_10794036, CID_5288209, CID_10532024,
CID_401405, CID_10428109, CID_23639625, CID_10337961,
CID_82146, CID_21773740, CID_9960816, CID_11969852,
CID_9847391, CID_9832869, CID_9830646, CID_65076,
CID_4259412

Lipinski’s Rule of Five
violation:

- Mol. Weight > 500
-LogP >5

- H-bond donors > 5

- H-bond acceptors > 10

Inference =

Poor permeability/
absorption through cell
membrane
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Table 15.3. The library compounds violating the Lipinski’'s Rule of Five and showing poor
docking interaction energy (in Kcal/mol) against known anticancer drug targets.

S. PubChemlID Docking score (in Kcal/mol) against known
No. Anticancer drug targets
(PDB ID: 1a25, 1a35, 1agw, 1awn, 1cdk, 1cpj, 1crp,
1dvi, 1jsu, 1mnc, 1p38, 1rpa)
1. CID_11969852 10.2
2. CID_5385555 4586.9
3. CID_446925 13605.4
4. CID_5319123 13686.0
5. CID_5978 37283.7
6. CID_5316150 62019.1
7. CID_5281235 75635.4
8. CID_13342 76808.1
9. CID_16219940 979421.3
10. | CID_122127 1118907.0
11. | CID_16197727 12333424.0

Table 15.4. The library compounds violating the Lipinski’s Rule of Five and showing good
docking interaction energy (in Kcal/mol) against known anticancer drug targets.

S. PubChemID 1a25 1a35 1agw 1awn 1cdk 1mnc
No.

1. CID_65064 -65.013 | -100.77 | -63.582 -54.635 | -99.175 | -119.166
2 CID_72495 -42.841 | -42.841 | -42.841 -42.841 | -42.841 -42.841
3 CID_10794036 -80.007 | -80.007 | -80.007 -80.007 | -80.007 -80.007
4. CID_5288209 -66.044 | -66.044 | -66.044 -66.044 | -66.044 -66.044
5. CID_10532024 -31.384 | -31.384 | -31.384 -31.384 | -31.384 -31.384
6 CID_401405 -47.822 | -47.822 | -47.822 -47.822 | -47.822 -47.822
7 CID_10428109 -32.073 | -32.073 | -32.073 -32.073 | -32.073 -32.073
8. CID_23639625 -80.799 | -80.799 | -80.799 -80.799 | -80.799 -80.799
9. CID_10337961 -32.061 | -32.061 | -32.061 -32.061 | -32.061 -32.061
10. | CID_82146 -61.877 | -61.877 | -61.877 -61.877 | -61.877 -61.877
11. | CID_21773740 -65.714 | -65.714 | -65.714 -65.714 | -65.714 -65.714
12. | CID_9960816 -63.19 | -63.19 | -63.19 -63.19 | -63.19 -63.19
13. | CID_9847391 -72.317 | -72.317 | -72.317 -72.317 | -72.317 -72.317

Note: Few docking results with modification.
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Table 15.5. Known and potential human and mammalian therapeutic targets/receptors. PDB
ID is the identification number of a protein in PDB database.

PDB Protein Phytomolecule | Experimental | Therapeutic References
ID Finding Effect
1a25 | Protein kinase C | Catechin Inhibitory Anticancer Komori et al.
effect (1993)
Protein kinase C | Camptothecin Inhibitor Induction of Martelli et al.
apoptosis in (1999);
tumour Nieves-Neira
and
Pommier
(1999)
1a35 | Topoisomerase | | Camptothecin | Inhibitor Anticancer Sinha et al.
(1995)
1agw | FGF receptor 1 Catechin Inhibitor Anticancer Liang et al.
(1997)
1cpj Cathepsin B Catechin Activator Anticancer Ahmad et al.
(2000)
1crp C-H-ras p21 Catechin Inhibition of Anticancer Chung et al.
protein ras- (1999)
transformed
cells
1dvi Calpain Camptothecin | Inhibition of Induces Eymin et al.
calpain apoptosis in (1997)
activities leukemic
cells
1jsu Cyclin- Catechin Inhibitor Anticancer Liang et al.
dependent (1997)
kinase-2
1mnc | Neutrophil Catechin Collagenase | Inhibition of Demeule et
collagenase inhibitor metastasis al. (2000)
of cancerous
cells
1p38 MAP kinase p38 | Catechin Inhibition of Anticancer Chen et al.
activation of (1999)
p38
mitogen-
activated
protein
kinase

Note: * based on reference Chen and Ung, 2001 with minor modifications.
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Table 15.6. The library compounds favour the ‘Lipinski’s Rule of Five’ and showing good
docking interaction energy (in Kcal/mol).

PubChemlD 1a25 1a35 1agw 1awn 1cdk 1mnc
CID_969516 -93.284 | -110.886 -60.896 -79.784 -62.67 -92.725
CID_10595440 -96.161 -84.798 -66.114 -75.358 -61.336 -85.486
CID_24360 -68.579 -88.454 -56.159 -62.99 -73.825 -84.888
CID_442783 -58.505 -95.962 -68.764 -73.19 -58.485 -84.216
CID_9064 -62.434 -78.713 -56.782 -58.508 -78.106 -84.114
CID_5281767 -89.577 | -109.977 -64.375 -61.402 -57.156 -82.609
CID_6398761 -78.512 -78.512 -78.512 -78.512 -78.512 -78.512
CID_10923720 -73.704 -73.704 -73.704 -73.704 -73.704 -73.704
CID_4259412 -72.424 -72.424 -72.424 -72.424 -72.424 -72.424
CID_638034 -71.559 -71.559 -71.559 -71.559 -71.559 -71.559
CID_5057 -71.286 -71.286 -71.286 -71.286 -71.286 -71.286
CID_11000304 -70.201 -70.201 -70.201 -70.201 -70.201 -70.201
CID_65076 -69.511 -69.511 -69.511 -69.511 -69.511 -69.511
CID_9802152 -69.507 -69.507 -69.507 -69.507 -69.507 -69.507
CID_9931851 -69.423 -69.423 -69.423 -69.423 -69.423 -69.423
CID_11821800 -67.853 -67.853 -67.853 -67.853 -67.853 -67.853
CID_5311 -67.649 -67.649 -67.649 -67.649 -67.649 -67.649
CID_9830646 -67.317 -67.317 -67.317 -67.317 -67.317 -67.317
CID_5381733 -67.239 -67.239 -67.239 -67.239 -67.239 -67.239
CID_4018 -66.356 -66.356 -66.356 -66.356 -66.356 -66.356

Note: Docking results of only few leads and receptors are summarized here with
modification.

Besides, there are examples of well known drugs, which violate the Lipinski’s rule of five
but at the same time work well pharmacologically (Table 15.8). A detailed description and
pharmacological action of known drugs/bioactive compounds and 68 potential anticancer
leads, virtually screened after Rule of five and docking based studies, is given in Table
15.9. Also for comparison, three different set of compounds and their corresponding
docking energy (in kcal/mol) against each known anticancer receptor have been
summarized in Table 15.10, which revealed that curcumin derivatives showed best
interactions with most of the anticancer receptors, compared to other set compounds
(Figure 15.2).

Docking and QSPR based virtual screening of anticancer compound

All the targets showed minimum docking of -23.239 kcal/mol with ecabet (CID_3070413).
For targets 1a25, bioactive compound curcumin (CID 10666836) showed maximum
docking score of -97.054 kcal/mol. For receptors 1a35, lawn, lmnc, 1p38, lrpa, lydt,
lyfo, 2gss and 7ice, curcumin (CID 969516) showed maximum docking scores for each.
For anticancer target 1a35 and lawn maximum docking scores were -110.886 and -79.784
respectively, while for targets 1mnc, 1p38, 1rpa, lydt, lyfo, 2gss and 7ice docking score
was similar i.e. -92.725 kcal/mol. For receptor 1agw, maxacalcitol (CID_6398761) showed
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maximum docking score of -78.512 kcal/mol. For receptor lawn, curcumin (CID 969516)
showed maximum docking score of -79.784 kcal/mol. For receptor 1cdk, 1cpj, lerp, 1dvi
and 1jsu compound maxacalcitol (CID_6398761) showed maximum docking score of -
78.512 kcal/mol. For receptor 1p38, 1rpa, lydt, lyfo, 2gss and 7ice compound
epigallocatechin gallate (CID_65064) showed maximum docking score of -119.166
kcal/mol.

Figure 15.2. Best docked on Curcumin phytomolecule with anticancer known receptors (i, ii)
1a25, (iii) 1a35 and (iv) 1agw, with best docking score -97.054, -110.886 and -68.764
Kcal/mol respectively.

Details of docked compounds are as follows: Eighteen compounds did not show good
interaction energy with any anticancer receptors. These are: CID 11969852,
CID 1548910, CID 10607, CID 5280373, CID 5385555, CID 446925, CID_ 5319123,
CID 5978, CID 5316150, CID 5281235, CID 13342, CID 16219940, CID 122127,
CID 16197727, CID 634470, CID_68781, CID 3001662 and CID 10612216. For
receptor 1a25, compound curcumin (CID 10666836, LogP 2.517, solvent accessible
surface area 403.32 A% mol. formula C21H2006, mol.wt. 368.385) showed maximum
docking score of -97.054 kcal/mol and minimum -23.239 kcal/mol by ecabet
(CID 3070413) with Anticarcinogenic, Anti-Infective, Anti-Ulcer, Protease Inhibitors
activity. For receptor 1a35, lawn, Ilmnc, 1p38, 1rpa, lydt, lyfo, 2gss and 7ice compound
curcumin (CID 969516 Log P 2.479, solvent accessible surface area 383.405 A% mol.
formula C21H2006 mol.wt. 368.385) showed maximum docking scores.



Table 15.7. Details of quantitative data of best fit compounds*, to be used for QSPR/QSAR model development.

Compound ID Log P SASA Polarity | LRS | SRS | RC MR LUMO IP HOMO HF CME FC | AC BC
CID_969516 2479 | 383.405 42.632 6 6 2 | 103.424 | -0.853 8.829 -8.829 | -156.534 -34.719 0 47 48
CID_10595440 2.517 | 404.692 44.257 6 6 2 | 105.359 -1.07 8.804 -8.804 | -155.602 -23.394 0 47 48
CID_24360 0.558 334.54 40.783 6 5 5 94.492 | -1.586 9.103 -9.103 -89.015 -8.49 0 42 46
CID_442783 2.517 | 404.092 44.476 6 6 2 | 105.359 | -1.092 8.782 -8.782 | -156.042 -23.66 0 47 48
CID_9064 2113 | 282.442 29.908 6 6 3 72.852 0.059 8.847 -8.847 | -208.638 -12.187 0 35 37
CID_5281767 2.517 | 402.688 44.28 6 6 2 | 105.359 | -1.085 8.793 -8.793 | -155.908 -23.506 0 47 48
CID_6398761 2.984 | 443.462 50.537 6 5 3 | 123.828 | -0.296 8.688 -8.688 | -190.761 44.829 0 72 74
CID_10923720 1.962 | 272.515 29.338 6 6 3 70.823 -0.43 9.028 -9.028 | -134.611 -6.208 0 30 32
CID_4259412 7.089 | 476.104 51.508 6 5 4 | 124.565 0.004 9.586 -9.586 | -246.985 52.243 0 78 81
CID_638034 4.751 | 407.713 44.403 6 6 1 107.075 | -0.541 8.42 -8.42 -68.454 4.413 0 56 56
CID_5057 4.751 | 407.212 44.332 6 6 1 107.075 | -0.517 8.445 -8.445 -68.775 4.434 0 56 56
CID_11000304 1.962 | 270.146 29.398 6 6 3 70.823 | -0.668 9.17 -9.17 | -142.404 -10.93 0 30 32
CID_65076 7.089 | 474.076 51.404 6 5 4 | 124.565 0.056 9.532 -9.532 | -246.884 52.74 0 78 81
CID_9802152 2.984 | 453.789 50.665 6 5 3 | 123.828 | -0.218 8.717 -8.717 | -191.477 40.306 0 72 74

Note: LogP: The octanol-water partition coefficient. Solvent accessible surf area (SASA): The molecular surface area accessible to a solvent molecule.
Polarizability (P): The molecule's average alpha polarizability. Smallest ring size (SRS): Information about rings present in the compound. Rings with more than
12 atoms are ignored. The number of atoms forming the smallest ring in the compound, or 0 if the compound contains no ring of size 12 or less. Ring count (RC):
The number of rings present in the compound. Rings with more than 12 atoms are ignored. The number of rings with 12 or fewer atoms (All= all aromatic, small, 5-
membered, 5-membered aromatic, 6-membered, 6-membered aromatic, large, large aromatic). Molar refractivity (MR): The molar refractivity of the compound.
LUMO energy: The energy gained when an electron is added to the lowest unoccupied molecular orbital (LUMO). lonization potential (IP): The energy required
to remove an electron from a molecule in its ground state. HOMO energy: The energy required to remove an electron from the highest occupied molecular orbital
(HOMO). Heat of formation (HF): The energy released or used when a molecule is formed from elements in their standard states. Conformation minimum
energy (CME): Energy calculated for an optimized conformation of the compound. Formal Charge (FC): The net positive or negative charge on the molecule.
Atom count (AC): The number of atoms. Bond count (BC): The number of bonds. Weak and ionic bonds are ignored. * Results of only few compounds are
summarized in the table.
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Table 15.8. Exceptionally some well known bioactive compounds showed violation of Lipinski’s rule of five.

Phyto- Description PubChemiID | Mol. Log P Rule Mol | LogP | H-bond | H-bond
molecule Wt. of 5 Wt. | >5 donors | acceptor
violat | > >5 s>10
ion 500
Allicin antibacterial principle of CID_65036 162.26 1.415 0 0 0 0 0
Allium sativum (garlic) 4
Catechin polyphenolic antioxidant CID_9064 290.27 2.113 0 0 0 0 0
plant metabolites 2
(flavonoids); tea-plant
Camellia sinensis
Camptothecin | An alkaloid isolated from | CID_24360 348.35 0.558 0 0 0 0 0
the stem wood of the 7
Chinese tree,
Camptotheca acuminata
Indole-3- occurs in edible CID_3712 147.17 0.82 0 0 0 0 0
carbinol cruciferous vegetables 6
Epigallocatech | antimutagen in green tea | CID_65064 458.37 3.017 2 0 0 1 1
in gallate (Camellia sinensis) 8
Phytoestrogen | biochanin A; Plant CID_528037 284.26 1.994 0 0 0 0 0
extracts and compounds, | 3 8
primarily Isoflavones
Artemether quinghaosu derivative SID_120130 298.37 3.331 0 0 0 0 0
(Artemisia annua) 78 8
SID_173966
62
Artemisinine sesquiterpene lactone SID_ 210967 282.33 3.085 0 0 0 0 0
from Chinese medicinal SID_498343 6
herb Artemisia annua 79
Curcumin Phytochemical of CID_969516 368.38 2.479 0 0 0 0 0
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Curcuma longa CID_528176 5 2.517 0 0 0
7
CID_442783
CID_106668
36
CID_105954
40
Menthol An alcohol produced from | CID_16666 156.26 2.78 0 0 0
mint oils (Mentha sp.) or | CID_1254 7
prepared synthetically CID_165675
CID_19244
Vincristine Antitumour alkaloid CID_5978 824.96 3.194 0.65 0 0
isolated from Vinca rosea 9
Podophyllotoxi | A lignan found in CID_10607 414.41 1.408 0 0 0
n Podophyllin resin from 1
the roots of Podophyllum
plants
Vinblastine Antitumour alkaloid CID_13342 810.98 4.078 0.62 0 0
isolated from Vinca rosea 6 2

Table 15.9. Pharmacological action of potential anticancer leads virtually screened after QSPR, Lipinski's Rule and docking
studies. PubChem ID in bold characters indicates reference anticancer phytomolecule, while shaded compounds indicate
diverse pharmacological action.

PubChem ID Potential Compound | Description Pharmacological Action
CID_65036 Allicin Antibacterial principle of Allium sativum (garlic), Anticarcinogenic , Anti-
Free Radical Scavengers Infective, Antilipidaemic,
Antioxidants, Hypoglycemic
CID_24360 Camptothecin An alkaloid isolated from the stem wood of the Anticarcinogenic ,
Chinese tree, Camptotheca acuminata. This Antineoplastic, Phytogenic,
compound selectively inhibits the nuclear enzyme Enzyme Inhibitors
DNA Topoisomerases Type |.
CID_9064 Catechin An antioxidant flavonoid, occurring especially in Anticarcinogenic ,

woody plants as both (+)-catechin and (-)-

Antioxidant
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epicatechin (cis) forms.

CID_9685 2-hydroxyestrone Catechol estrogen which is a major metabolite of Anticarcinogenic
CID 440623 estradiol in man and animals
CID_3071 3,3"- Occurs in edible cruciferous vegetables; a Anticarcinogenic
diindolylmethane cytochrome P-450 antagonist; also downregulates

the pro-survival pathway in hormone independent

prostate cancer
CID_11617 Allyl sulfide Essence of garlic; inhibits CYP2E1 Anticarcinogenic,

Antioxidants

CID_10428109 Bexarotene A retinoid X receptor (RXR) selective agonist Anticarcinogenic
CID_11778794 Biochainin A Phytoestrogen Anticarcinogenic,

Phytoestrogens

CID_4259412 Cholesteryl sulfate Component of human seminal plasma and Anticarcinogenic, Serine
spermatozoa Proteinase Inhibitors

CID_5385552 Crocetin Increases oxygen diffusion in plasma Anticarcinogenic,
Antioxidants

CID 969516 Curcumin Curcuma longa Anticarcinogenic

CID_16590 Diallyl disulfide Major constituent of garlic oil Anticarcinogenic,
Antihypertensive,
Antineoplastic,
Spermatocidal,
Antimutagenic

CID_23663982 Ecabet Protease Inhibitors Anticarcinogenic, Anti-
Infective, Anti-Ulcer

CID_10923720 Genistein An isoflavonoid derived from soy products. It Anticarcinogenic, Protein

inhibits PROTEIN-TYROSINE KINASE and
topoisomerase-Il (DNA TOPOISOMERASES,
TYPE ll); activity

Kinase Inhibitors,
Phytoestrogens

CID_3712 Indole-3-carbinol Occurs in edible cruciferous vegetables Anticarcinogenic

CID_3752 Irsogladine Radioprotective Anticarcinogenic, Anti-Ulcer,
Antineoplastic

CID_6398761 Maxacalcitol Dermatologic Anticarcinogenic,
Antineoplastic

CID 47318 Oltipraz Reverse Transcriptase Inhibitors Anticarcinogenic, Antiviral,
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Schistosomicides,

CID_16741 Phenethyl A dietary liver aldehyde dehydrogenase inhibitor; Anticarcinogenic,
isothiocyanate also promotes urinary bladder carcinoma Carcinogens, Enzyme

Inhibitors

CID 72 Protocatechuic acid - Anticarcinogenic

CID_5056 Resveratrol Antineoplastic, Phytogenic, Antioxidants, Anticarcinogenic, Anti-
Inflammatory Non-Steroidal

CID_638034 Retinol acetate Enzyme Inhibitors, Platelet Aggregation Inhibitors, | Anticarcinogenic, Adjuvants,

Antimutagenic Immunologic

CID_114835 Selenomethyl - Anticarcinogenic

CID_147004 selenocysteine

CID_9830646 Squalamine From dogdfish shark Squalus acanthias Anticarcinogenic, Anti-
Bacterial, Angiogenesis
Inhibitors

CID 5350 Sulforafan From Cardaria draba L. Anticarcinogenic

CID_10523508

Sulindac sulfone

Inhibits K-ras-dependent cyclooxygenase-2;
sulfated analog of indomethacin

Anticarcinogenic,
Antineoplastic,
Cyclooxygenase Inhibitors

CID_5311 Vorinostat Inhibits histone deacetylase | and 3 Anticarcinogenic, Anti-
Inflammatory, Non-Steroidal,
Antineoplastic, Enzyme
Inhibitors

SID_210967 Artemisinin Sesquiterpene lactone from Chinese medicinal Anti-Infective, Antimalarials

herb Artemisia annua

SID_12013078 Artemether Quinghaosu (Artemisia annua) derivative Antifungal, Antimalarials,
Antiprotozoal, Coccidiostats,
Schistosomicides

CID_1254 Menthol An alcohol produced from mint oils or prepared Antipruritics

synthetically
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Table 15.10. Docking based virtual screened bioactive library compounds.

Set Phytomolecule® PubCheml Log P Potential and known Human and Mammalian Anticancer Targets (PDB ID) with Docking PMF Score (kcal/mol)
b 1a25 1a35 lagw 1awn 1cdk 1cpj 1crp 1dvi 1jsu 1mnc
Reference Allicin CID_65036 1.415 -43.037 -46.416 -37.286 -48.498 -56.023 -56.023 -56.023 -56.023 -56.023 -48.381
Catechin CID_9064 2.113 -62.434 -78.713 -56.782 -58.508 -78.106 -78.106 -78.106 -78.106 -78.106 -84.114
Camptothecin CID_24360 0.558 -68.579 -88.454 -56.159 -62.99 -73.825 -73.825 -73.825 -73.825 -73.825 -84.888
Known Indole-3-carbinol CID_3712 0.82 -42.206 -55.901 -43.368 -45.251 -58.694 -58.694 -58.694 -58.694 -58.694 -56.348
Epigallocatechin CID_65064 3.017 -65.013 -100.77 -63.582 -54.635 -99.175 -99.175 -99.175 -99.175 -99.175 -119.166
gillli];?astrogen CID_52803 1.994 183.896 172.614 204.157 195.431 193.097 193.097 193.097 193.097 193.097 163.819
Vincristine QD_5978 3.194 37283.7 35453.7 35519.6 35831.8 36248.8 36248.8 36248.8 36248.8 36248.8 | 48645.82
Podophyllotoxin CID_10607 1.408 122.043 95.50: 133.32§ 159.24; 120.832 120.83: 120.833 120.83: 120.83: 102.247
Vinblastine CID_13342 4.078 76808.1 76664.1 76710.0 76844.3 76681.2 76681.2 76681.2 76681.2 76681.2 | 77405.95
Diverse Artemether SID_12013 3.331 -27.854 -75.0; —34,74(25 -46.002 —63‘802 —63.80; —63.80; -63.80; -63.80; -63.374
273_1 7396 3.331 -53.178 -76.233 -39.077 -45.211 -62.278 -62.278 -62.278 -62.278 -62.278 -62.944
Artemisinin 2?5721096 3.085 -48.695 -66.867 -31.04 -36.533 -51.543 -51.543 -51.543 -51.543 -51.543 -65.439
;ID_49834 3.085 -49.188 -68.085 -31.227 -45.186 -51.642 -51.642 -51.642 -51.642 -51.642 -64.256
Curcumin 2)73_96951 2.479 -93.284 | -110.886 -60.896 -79.784 -62.67 -62.67 -62.67 -62.67 -62.67 -92.725
?‘,ID752817 2517 -89.577 | -109.977 -64.375 -61.402 -57.156 -57.156 -57.156 -57.156 -57.156 -82.609
6CTD_44278 2.517 -58.505 -95.962 -68.764 -73.19 -58.485 -58.485 -58.485 -58.485 -58.485 -84.216
gID_1 0666 2.517 -97.054 -85.034 -67.547 -58.337 -56.308 -56.308 -56.308 -56.308 -56.308 -52.615
2?8_10595 2517 -96.161 -84.798 -66.114 -75.358 -61.336 -61.336 -61.336 -61.336 -61.336 -85.486
Menthol ‘(‘JTSJ 6666 2.78 -36.111 -46.404 -25.399 -31.926 -49.708 -49.708 -49.708 -49.708 -49.708 -49.456
CID_1254 2.78 -35.34 -46.768 -29.303 -30.269 -50.201 -50.201 -50.201 -50.201 -50.201 -50.014
CID_16567 2.78 -35.378 -46.794 -29.295 -30.525 -49.038 -49.038 -49.038 -49.038 -49.038 -49.624
gID_1 9244 2.78 -35.988 -46.739 -29.331 -35.357 -49.006 -49.006 -49.006 -49.006 -49.006 -49.497

Note: Epigallocatechin gallate and Curcumin indicates best docking energies, while phytomolecules namely, Phytoestrogen, Vincristine, Podophyllotoxin and Vinblastine indicates poor
docking scores against all receptors which suggest that other targets might be responsible for their anticancer activities. * Results of few leads only.
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Table 15.11. An anti-malarial QSAR model for the prediction of biological activity and dependable chemical descriptors.

Chemical Name Mol. formula (c) (De) (D) AE (F) (H) h (K) (T) (AA) (AD)

Sample © P

CID_2719 | Chloroq | CigHzsN5Cl 3 0.477 0.492 0.015 48 10.775 4.564 -0.34 38.819 2 6
uine

CID_3159 | Benzni C12H12N4O3 4.7 0.672 0.658 -0.014 31 61.863 6.212 -1.09 27.865 1 5

3 dazol

CID_4735 | Pentam | CigH24N4O, 1.7 0.23 0.229 -0.001 49 -24.069 | 6.018 -0.863 40.795 2 6
idine

CID_6437 | Benflu C30H3NOCI; | 150 2.176 2.179 0.003 67 -5.975 3.107 -0.282 63.027 3 5

380 metol

CID_4069 | Mefloqu | C47H4N,OFs | 21.84 | 1.339 1.355 0.016 42 9.36 7.278 -0.532 33.722 2 6

2 ine

CID_4993 | Pyrimet | Ci,H13N4Cl 8.4 0.924 0.99 0.066 30 -8.437 1.985 -0.464 28.923 2 6
hamine

CID_8549 | Quinine | CyH2N,0, 100.7 | 2.003 1.977 -0.026 48 16.247 1.861 -0.367 39.187 2 6

8

CID_6882 | Artemis | Ci5H20s 10.5 1.021 1 -0.021 42 32.503 6.073 -0.573 29.257 0 6

7 inine

CID_4564 | Artemet | CigH205 3.43 0.535 0.551 0.016 47 37.278 1.952 -0.352 31.515 0 6

08 her

CID_5464 | Artesun | Ci9H20s 1.17 0.068 0.081 0.013 55 16.644 3.143 -0.757 38.091 0 6

098 ate

CID_6540 | Fansida | CuH2/NgO4S | 63.68 | ? 1.804 65 -43.088 | 5.677 -1.491 59.356 4 6

4 r Cl

Standard Error = 0.029061

Note: (c) = In vitro activity (ICs0) nM, (D) = Experimental log (ICso), = Predicted log (ICso), AE= Absolute error, F= Atom Count (all atoms), H=
Conformation Minimum Energy (kcal/mol), |= Dipole Moment (debye), K= Dielectric Energy (kcal/mol), T= Polarizability, AA= Ring Count
(aromatic 6 membered), AD= Size of Smallest Ring and ? = unknown activity
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For anticancer target 1a35 and lawn maximum docking scores were -110.886 and -79.784
respectively, while for anticancer targets Imnc, 1p38, lrpa, lydt, lyfo, 2gss and 7ice
docking score was common i.e. -92.725 kcal/mol. All the targets showed minimum
docking score of -23.239 kcal/mol with compound ecabet (CID 3070413) having
Anticarcinogenic, Anti-Infective, Anti-Ulcer, Protease Inhibitors activity.

For receptor lagw, compound maxacalcitol (CID 6398761 Log P 2.984, solvent
accessible surface area 443.462 A’, mol. formula C26H4204 mol.wt. 418.615) having
Anticarcinogenic, Antineoplastic, Dermatologic pharmacological actions, showed
maximum docking score of -78.512 kcal/mol and minimum -23.239 kcal/mol by ecabet
(CID_3070413) with Anticarcinogenic, Anti-Infective, Anti-Ulcer, Protease Inhibitors
activity. For receptor lawn, compound Curcumin (CID 969516, Log P 2.479, solvent
accessible surface area 383.405 A%, mol. formula C21H2006 mol.wt. 368.385) having
Anticarcinogenic pharmacological actions, showed maximum docking score of -79.784
kcal/mol and minimum -23.239 kcal/mol by ecabet (CID_3070413) with Anticarcinogenic,
Anti-Infective, Anti-Ulcer, Protease Inhibitors activity. For receptor 1cdk, 1cpj, lerp, 1dvi
and 1jsu compound maxacalcitol (CID 6398761, Log P 2.984, solvent accessible surface
area 443.462 A% mol. formula C26H4204, mol.wt. 418.615) having Anticarcinogenic
pharmacological action, showed maximum docking score of -78.512 kcal/mol and
minimum -23.239 kcal/mol by ecabet (CID 3070413) with Anticarcinogenic, Anti-
Infective, Anti-Ulcer, Protease Inhibitors activity. For receptor 1p38, 1rpa, lydt, 1yfo, 2gss
and 7ice compound Epigallocatechin gallate (CID_ 65064, Log P 3.017, solvent accessible
surface area 404.253 A’ mol. formula C22H18011 mol.wt. 458.378) having
Anticarcinogenic pharmacological action, showed maximum docking score of -119.166
kcal/mol and minimum -3.606 kcal/mol by retinol palmitate (CID_5280531) having
Anticarcinogenic, Antioxidants pharmacological action.

Finally, our results demonstrate that virtual screening approaches outperform the
individual approach, in particular in cases where very limited or no ligand information is
available. In the case of well studied targets, more classical ligand-based methods (QSAR)
may be better suited to predict new strong binders from a large number of known ligands.
Since normally VS approach is a ligand-based approach, it would probably be interesting to
use it in combination with docking. Although prior known ligands can help in tuning the
docking procedures to the receptor under study, it can in principle be used with little or no
ligand information. When more experimental 3D structures become available for targets in
the future, this will help building reliable models for a wider range of targets that would be
suitable for docking studies. Joint use of ligand-based virtual screening and docking would
certainly improve predictions.

Conclusion
We showed how sharing information across the targets by considering a VS space of the

target-ligand interaction pairs could improve the prediction performances, with respect to
the single receptor approach. In addition, we showed that when using such a representation,
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it was possible to make reasonable predictions even when all known ligands were ignored
for a given target, that is, to predict ligands for orphan targets. This VS approach is related
to ligand-based approaches. However, sharing information among different targets allows
us to perform prediction on orphan targets, which is also possible using target-based
methods. Nevertheless, the latter are limited by the number of known receptor structures
and the difficulty to apply such methods on homology models. Interesting developments of
this method could include application to other important drug target families, like enzymes
or ion channels, for which most of the descriptors used for the targets could directly be
transposed and other, more specific ones could be designed. VS is a cost-effective and
reliable technique that can be applied to identify potential leads and avoid undesirable
compounds that would otherwise result in expensive and time consuming experimental
methods. However, VS often requires careful preparation of both target and compound
library, use of optimal parameters as well as careful analysis of the results. It should be
noted that experience and knowledge about the target are very crucial in identifying true
positives in such experiments. We have covered some of the essential considerations in
designing VS experiment.
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Chapter 16

Population Structure and Molecular
Characterization of Podophyllum hexandrum of
the Northwestern Himalayas

Pradeep Kumar Naik, Shri Ram and Harvinder Singh

Introduction

Podophyllum  hexandrum Royle (Berberidaceae) is an endangered, herbaceous,
rhizomatous species of great medicinal importance native to India. In a broad sense the
genus Podophyllum is represented by two species: Podophyllum hexandrum, commonly
distributed in the Himalayan regions and popularly called Himalayan mayapple while the
other species is Podophyllum peltatum, commonly distributed in the Atlantic North
America and popularly known as American mayapple. Podophyllum hexandrum is believed
to have originated in the Himalayan regions. In India the presence of this species has been
reported from Zanskar and Suru valleys of Ladakh, Kashmir, Lahaual and Spiti valleys,
Kangra, Chamba, Kinnaur of Himachal Pradesh, Sikkim and Arunachal Pradesh. The
populations of P. hexandrum are found growing on open slopes and alpine pastures in
moist humid conditions. These species also grow in forests rich in humus and decayed
organic matter as well as in cultivated fields between 2600 and 4500m altitude. The
population size of P. hexandrum is very low (40-700 plants per location) and is declining
every year. Some of the populations in certain pockets have virtually disappeared owing to
anthropogenic activities and overexploitation (Bhadula ef al., 1996).
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Fig. 16.1. Structure of podophyllotoxin and its derivatives.
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268 Molecular Characterization of Podophyllum hexandrum

Podophyllum hexandrum is recognized for its anticancer properties. It has long been
used by the Himalayan natives and the American Indians (Anon, 1970). The rhizome yields
a very valuable drug ‘podophyllotoxin’ which has a great demand in pharmaceutical
industries throughout the world (Tyler e al., 1988; Broomhead and Dewick, 1990). In
addition, the drug obtained from Himalayan mayapple contains resin of superior quality in
comparison to American mayapple (Jackson and Dewick, 1984). These compounds have
been used for the treatment of lung and testicular cancers as well as certain types of
leukaemia (Stahelin and Wartburg, 1991; Imbert, 1998). Podophyllotoxin is also the
precursor to semi-synthetic chemotherapeutic drugs such as etoposide, teniposide and
etophos (Stahelin and Wartburg, 1991; Imbert, 1998) (Fig. 16.1).

The populations of Podophyllum hexandrum show a range of variation in plant height,
number of leaves (1 to 4 leaved), leaf insertion, size and shape of the fruit and the colour of
seeds. On the basis of leaf number, four morphotypes viz. single leaved, double leaved,
triple leaved and four leaved have been reported by Bhadula et al. (1996) from Garhwal
Himalaya. The Indian species P. hexandrum contains three times more podophyllotoxin
than its American counterpart P. peltatum (Fay and Ziegler, 1985). So Podophyllum
hexandrum is being uprooted unscientifically for commercial trade. In the natural habitat,
seed germination and seedling establishment are very poor and propagation is mostly
through rhizomes (Badhwar and Sharma, 1963). Since the species is already endangered
and exploitation of its underground parts continues to exceed the rate of natural
regeneration, it needs immediate attention for conservation. A comprehensive
understanding of genetic diversity and molecular characterization among and within P.
hexandrum populations using a set of molecular markers needed for formulating
appropriate sampling and management strategies for a P. hexandrum repository and for
future P. hexandrum breeding efforts. A more detailed analysis with large number of
genetic markers would provide a better understanding of the genetic diversity that exists in
the wild population, which will contribute to useful gene conservation for a long term
breeding programme. Among all the molecular markers used for uncharacterized crops,
DNA-based molecular-marker techniques such as RAPD (Williams ef al., 1990), ISSR
(Morgante and Olivieri, 1993) and AFLP (Vos ef al., 1995) have been proved powerful in
genetic diversity estimations (Lu et al.,, 1996). These markers are less affected by age,
physiological condition of samples and environmental factors. They are not tissue-specific
and thus can be detected at any phase of organism development. Only a small amount of
sample is sufficient for analysis and the physical form of the sample does not restrict
detection. These non-stringent requirements are particularly relevant for study of
population structure of Podophyllum hexandrum which are in limited supply. In the
following, we provide a general account of study of population structure of P. hexandrum
from the Northwestern Himalayas using different DNA based molecular markers.

Analysis of genetic variations of plants

According to Frankel (1983), an essential prerequisite for a species to survive against
environmental pressures is the availability of a pool of genetic diversity and in the absence
of that extinction would appear inevitable. Determining how much genetic diversity exists
in a species and explaining this diversity in terms of its origin, organization and
maintenance are thus of fundamental significance in the application of genetic principles to
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conservation. Moreover, while assessing genetic diversity it is essential to have a
quantitative measure of the hierarchy of organisms as genes, genotypes, populations and
species. This is often based on characterization of amount and distribution of genetic
diversity in the hierarchy, i.e., the population genetic structure, which is the most
fundamental piece of information for species that require genetic management (Brown,
1978).

Variation at DNA level

The ability to investigate DNA sequences directly became available to population
biologists only during the late 1970s. Currently, three major DNA-based techniques are
widely used for analysing the genetic diversity in natural populations. These include: (i)
restriction fragment length polymorphism (RFLP; Botstein ez al., 1980); (ii) polymerase
chain reaction (PCR; Mullis and Faloona, 1987), and its derivatives, termed random
amplification polymorphic DNA (RAPD) (Williams et al., 1990); ISSR (Morgante and
Olivieri, 1993); and (iii) a hybrid of both the above techniques named amplification
fragment length polymorphism (AFLP; Vos et al., 1995).

RAPD markers

RAPD markers are a modification of PCR contrived in the late 1980s (Wiliams et al.,
1990). PCR provides a means by which billions of copies of a particular target DNA
fragment can be made from a complex mixture of genomic DNA. Now it is becoming more
powerful with the introduction of user-friendly and fully automated techniques (Kreader et
al., 2001). The technical ease of RAPD markers and the facility of their application to new
species has led their employment in many organisms including forest trees, crop as well as
medicinal plants and lower plants for population genetics (e.g. Isabel et al., 1995; Bucci
and Menozzi, 1995; Nesbitt ef al., 1995; Schierenbeck ef al., 1997; Inglis et al., 2001). The
technique is one of the best available DNA-based tools for scoring variations between
cultivars within species (Lakshmikumaran and Bhatia, 1998). One probable disadvantage,
however, is the degree of reproducibility of these markers which can sometimes be low
(e.g. Muralidharan and Wakeland, 1993; Skroch and Nienhuis, 1995). This is due to the
sensitivity of RAPD banding patterns to reaction conditions, and the difficulty in exactly
replicating reaction conditions across laboratories, where different brands of thermocyclers
may be used.

RAPD analysis has been widely employed for assessing the genetic diversity and
relationships in many plants. In an attempt to study genetic diversity of 28 populations of
Podophyllum hexandrum collected from 11 forest divisions (Table 16.1) of Northwestern
Himalayas of India, Alam et al. (2009) successfully used this technique.
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Table 16.1. Twenty-eight populations of Podophyllum hexandrum collected from different
sites at different altitudes covering 11 forest divisions of the NW Himalaya, India.

Forest Division Sampling site Altitude (m)
Parvati R/4 Kasol 1570
Twin Multivora 1300
Anganoala 1300
Kullu Brundhar 1916
Gulaba 2895
ChanderKhani 3352
Kaned Nry 2150
Sanghar Nry 2100
Dodrakwar Madhvi Thach 3048
Kala Pani 2743
Seraj Sojha Nry 2667
Jalora-C-3b 2473
Churah DPF-D-1892-C1 3750
DPF-D-791-C1 2700
Lahaul Myar Valley 4300
Nayan Ghar 4300
Palampur Bada Bangal 2895
Chota Bangal 2700
IHBT 2800
Rampur Bander Thach 2895
Saropa Nry 2499
Kinnaur Nichar Nry 2190
Rango-NC-8 2710
Pangi Sach Range 2712
Killer Range 2850
Purthi Range 2900
Bharmaur Ghoei DPF 2080
Samara RF 2590

Figure 16.2 shows the results of RAPD profiling among the 28 populations of P.
hexandrum; this enables a direct comparison of genetic differentiation among the
populations. The observed high proportion of polymorphic loci suggested that there is a
high degree of genetic variation in the Podophyllum populations. The analysis of molecular
variance revealed 53% of variations among the forest divisions and 47% of variations
among populations within a forest division. The total gene diversity (Ht) estimated among
populations was 0.338 and within populations (Hs) was 0.104. Shannon’s information
index was 0.501 and estimated gene flow was found to be 0.110. The RAPD study
indicates that P. hexandrum populations in the Northwestern Himalayan region are
genetically highly diverse.
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Fig. 16.2. RAPD amplification products obtained from the 28 genotypes of P. hexandrum
studied. 1. R/4 Kasol 2. Twin Multivora 3. Anganoala 4. Brundhar 5. Gulaba 6.
ChanderKhani 7. Kaned Nry 8. Sanghar Nry 9. Madhvi Thach; 10. Kala Pani 11. Sojha
Nursery 12. Jalora-C-3b 13. DPF-D-1892-C1 14. DPF-D-791-C1 15. Myar Valley 16. Nayan
Ghar 17. Bada Bangal 18. Chota Bangal 19. IHBT 20. Bander Thach 21. Saropa Nry 22.
Nichar Nry 23. Rango-NC-8 24. Sach Range 25. Killer Range 26. Purthi Range 27. Ghoei
DPF 28. Samara RF. M = the size of molecular markers in base pairs using A DNA.

ISSR markers

Another powerful derivation of PCR technology is microsatellite markers. In higher plants
or animals, inter simple sequence repeat (ISSR) markers are more and more in demand,
because they are known to be abundant, very reproducible, highly polymorphic, highly
informative, quick to use, are inherited in Mendelian fashion and are scored as dominant
markers (Zietkiewicz et al., 1994). ISSR uses the presence of simple sequence repeats
(SSR) throughout the genome which are ubiquitous, abundant and highly polymorphic
tandem repeat motifs composed of 1 to 6 nucleotides. ISSR analyses offer breeders and
geneticists with competent means to link phenotypic and genotypic variations and it is
rapidly being used by the research community in various fields of plant improvement
(Godwin et al., 1997).

Alam et al. (2008) for the first time demonstrated use of ISSR-derived DNA fingerprint
patterns in molecular characterization of Podophyllum hexandrum populations from the
Northwestern region of Himalayas. 28 populations of P. hexandrum collected from 11
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forest divisions (Table 16.1) were assessed using 11 ISSR primers. Figure 16.3 shows the
representative ISSR profiling of P. hexandrum populations.
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Fig. 16.3. ISSR amplification products obtained from the 28 populations of Podophyllum
hexandrum.

It revealed high genetic polymorphism among the populations. Genetic polymorphism
differed substantially within the discrete groups of plants with an average of 15.05% and
was found to be in between 5.88% (Kinnaur forest division) and a maximum of 27.94%
(Bahrmaur forest division). The genetic diversity was high (percentage of polymorphic
loci, 83.82%; Shannon’s information index, I = 0.441) at the populations level. The mean
coefficient of gene differentiation (Gst) was 0.630, indicating that 29.44% of the genetic
diversity resided within the population. An overall value of mean estimated number of gene
flow (Nm = 0.147) indicated that there was limited gene flow among the sampled
populations. The high Gst value (0.630) and the low Nm value (0.147) both indicated rapid
genetic differentiation among the 28 populations, especially among the regions. The
analysis of molecular variance revealed 62% of variations among the 11 forest divisions
and 38% of variations among populations within a forest division. The results indicated
high genetic diversity in P. hexandrum populations from Northwestern Himalayas.

AFLP markers

These fairly genetic markers born after combining positive qualities of both RFLP and PCR
techniques are named as amplified fragment length polymorphism (AFLPs — Vos et al.
1995). AFLPs have shown high degree of reproducibility in contrast to RAPDs (Akerman



Molecular Characterization of Podophyllum hexandrum 273

et al., 1996; Jones et al., 1997). Due to these advantages, AFLP is now increasingly used in
a number of species including many wild plant species (Remington et al. 1988; Gaiotto et
al. 1997). Escaravage ef al. (1998) have demonstrated the utility of AFLP markers in
determining genotypes and clonal diversity in Rhododendron ferrugineum L. (Ericaceae).
In India, AFLP markers have been used in the assessment of genetic diversity in 37 neem
accessions from different eco-geographic regions of India and four exotic lines from
Thailand (Singh et al., 1999). The study indicated that neem germplasm within India
constitutes a broad genetic base.

It was found suitable for our use with Podophyllum populations because of its ability to
generate reproducible polymorphic markers. In this investigation all the 28 genotypes
(Table 1) were fingerprinted using 13 primer combinations.

The 13 AFLP primer pairs used in this study generated 4616 (mean = 355.08 per primer
pair) polymorphic bands across 28 regionally adapted P. hexandrum genotypes, giving an
estimate of profound (> 84.40%) polymorphism. The AFLP banding pattern of 28 P.
hexandrum genotypes is shown in the Figure 16.4 obtained with one primer combination.

1 2 345 6 7 8 91011121314 1516 171819202120 73 24 25 26 27 28M

250

200

Fig. 16.4. AFLP amplification products obtained from the 28 genotypes of P. hexandrum
studied using 13 EcoRI/Msel primer combinations.

The observed high proportion of polymorphic loci suggests that there is a high degree
of genetic variation among the Podophyllum genotypes. The analysis of molecular variance
revealed 64% of variations among the 11 forest divisions and 36% of variation among
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populations within a forest division. The gene diversity computed among different groups
of populations was recorded in between 0.05 (Bharmaur) and 0.26 (Kullu). Similarly, the
total gene diversity (Ht) among populations was 0.26 and within populations (Hs) was
0.13. Shannon’s information index was 0.41 and estimated gene flow was found to be 0.13
among the 28 P. hexandrum populations. Significant levels of population differentiation
were found based on AFLP markers. The study indicates that P. hexandrum populations in
the Northwestern Himalayan region are genetically highly diverse.

Conclusion

Based on polymorphic feature, genetic diversity, genetic similarity and gene flow among
the populations of Podophyllum based on RAPD, ISSR and AFLP study, we conclude that
all markers proved to be efficient tools in assessing the genetic diversity of Pododophyllum
genotype and future conservation plans for this species should be specifically designed to
include representative populations with the highest genetic variation for both in situ
conservation and germplasm collection expeditions. These species or at least a large part of
its genetic diversity may be lost in the near future owing to its importance and its
exploitation as a medicinal plant if appropriate measures for conservation are not adopted.
At present, the rate of exploitation of P. hexandrum is much more than the rate of
propagation. Since no single or even a few plants represent the whole genetic variability of
P. hexandrum, there appears to be a need to maintain sufficiently large populations in
natural habitats to conserve the genetic diversity and avoid genetic erosion. For the
conservation aspect, only a few populations may not adequately protect the genetic
variations within the species in the Himalayan region. Genetic variations among elite
genotypes of Podophyllum hexandrum based on RAPD, ISSR and AFLP analysis could be
useful in selecting parents to be crossed for generating appropriate populations intended for
both genome mapping and breeding purposes.
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Chapter 17

Plant Virus Vector Systems for the Production
and Delivery of Biopharmaceuticals

Rofina Yasmin Othman and Noor Hasima Nagoor

Introduction

The development of plant virus vectors as in planta expression systems for foreign genes is
now considered as an attractive alternative biotechnological approach for peptide
expression with biopharmaceutical applications. This approach has been exploited for the
development of vaccine production systems where small foreign peptides are expressed as a
fusion with viral coat proteins to be displayed on the surface of the particle (Marusic et al.,
2001; Nichols et al., 2002; Liu et al., 2005; Ooi et al., 2006; Nuzacci et al., 2007; Denis et
al., 2008; Teoh et al., 2009). This review looks at two aspects in the use of this system; on
factors involved in the construction and on the suitability of the system as immune vehicles
for vaccines.

Advantages of Plant Viruses as Vectors

Plant viruses have distinct advantages over other expression or delivery systems for
biopharmaceuticals including as vaccine candidates. Their small genomes and inert
structures make them ideal structures for genetic modification. The well characterized
structure of many viruses including the availability of 3D models of their coat protein
subunits and structures means that in silico design and predictive tests for stability of new
recombinant constructs can be easily carried out and subsequently built. The epitopes of
choice can therefore be conveniently displayed on the surface of the virus particle which is
then propagated in plants and consequently isolated and used as antigen presenting
vehicles. Information on virus propagation in host plants is also widely available and the
yield of particles produced for many viruses makes them a potentially economical
production system. Although plants themselves have been developed to directly express
pharmaceutical proteins the virus system overcomes its major limitation which is the
relatively low level of expression that is normally obtained, ranging from 0.01% to 2% of
the total soluble protein. In applications requiring purified protein, high-level expression
provided by plant virus replication systems would greatly facilitate the purification process
from the crude plant extracts and would increase the cost efficiency of the system.
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Additionally the use of plant viruses and the appropriate plant hosts provide a relatively
safer system for production of human pharmaceuticals compared to the use of mammalian
or bacterial cell systems with much less fear of the possibility of contaminating
adventitious agents.

Factors in the Construction of Chimeric Plant Vectors

The success of the epitope presentation strategy depends on a detailed knowledge of virus
structure at the molecular level. A systematic assessment of the different elements in vector
construction has to be taken into account in designing the plant virus vector construct. This
includes considerations on the site of insertion, the limitations of the size of inserts (the
gene of interest) and the inclusion of modular elements for selection or enhancements.
Essentially, an insertion site has to be determined in the virus genome so that the resulting
peptide will be displayed on the surface of the virus particle. Modifications that do not
interfere with the normal functions of the particular virus are a pre-requisite for this peptide
fusion approach. Chen et al. (2007) looked at five different insertion sites in testing for
stability of expression of proteins in Turnip mosaic virus. Many approaches and
modifications in the cloning strategies have been taken. One common strategy suggests that
foreign gene segments could to be fused to the terminus of a viral gene in a way that
permits the production of both the fusion product and the native viral protein thus avoiding
interference with normal gene functions (Sugiyama et al., 1995; Ooi et al., 2006).

Choice of construct

The success of the early experiments opened opportunities for the exploitation of many
different viruses with varying degrees of success. Not all plant viruses however are suitable
for this strategy. All plant viruses are pathogens and many can cause severe detrimental
effects on their host plant. These viruses would not be suitable for use as expression
vectors. If the plant were eventually to be grown in open fields it may not be acceptable
taking into account the biosafety considerations of the virus if it was not attenuated and
could be still transmitted by natural vectors such as insects. Hence viruses which are ideal
would preferably be those that naturally are asymptomatic or attenuated unless they were to
be grown only in contained facilities. Most of the viruses used as expression vectors are
those that infect dicotyledenous plants while only a few such as Wheat streak virus have
been developed for monocots (Choi et al., 2000). Among the viruses which have
successfully been investigated and exploited to different levels for this approach are Alfalfa
mosaic virus (Brodzik et al., 2005), Apple latent spherical virus (Igarashi et al., 2009),
Bean pod mottle virus (Zhang and Ghabrial, 2006), Broad bean mottle bromovirus
(Sandoval et al., 2008), Citrus tirsteza virus (Folimonov et al., 2007), Clover yellow bean
vein virus (Masuta et al., 2000), Cucumber green mottle mosaic virus (Ooi ef al., 2006) ,
Cymbidium ringspot virus, Cucumber mosaic virus (Nazucci et al., 2007), Grapevine virus
A, Lettuce infectious yellows virus (Yeh et al., 2001), Papaya mosaic virus (Denis et al.,
2007), Potato virus x (Marconi et al., 2006), Soybean mosaic virus (Seo ef al., 2009),
Tobacco etch virus, Tobacco rattle virus (Ratcliff et al., 2001), Tomato bushy stunt virus,
tomato mosaic virus, Turnip mosaic virus (Chen et al., 2007), and zucchini yellow mottle
virus (Arazi et al., 2002).

Not all of these viruses were used to express vaccines or biopharmaceuticals. ZYMV
for example (Chen et al., 2005) was used to produce proteins from other tosposvirus as



Virus Vector Systems for Biopharmaceutical Production and Delivery 279

antigens for the purpose of raising antibodies for use in diagnostic kits and Apple latent
spherical virus was developed specifically as a gene silencing vector in plants (Igarashi et
al., 2009).

Factors affecting expression levels

One of the main issues in development of chimeric constructs using plant viruses remains
the need to express high levels of the protein. The upper limits reported for expression may
among other factors be limited by the natural host and life cycle of the respective virus.
Vectors developed for monocot host for instance have generally lower levels of
accumulation in their normal hosts. This makes vectors such as Tobacco mosaic virus
(TMV) and Tobacco etch virus (TEV) which naturally accumulate to high levels naturally
in their host cells ideal when high expression is required. They are also propagated in easy
to grow hosts which make them very viable for up-scaling. Brodzik ef al. (2005) report that
high yield and consistency was obtained for the production of recombinant AIMV particles
carrying a 15-aa epitope PA-D4s from Bacillus anthracis cloned into the +25 aa position
from the N-terminus of the virus CP. Recombinant plant virus particles were abundantly
present in plant tissues for extended periods of time and were easily harvested and purified.
Additionally modifications can be introduced to further increase the efficiency of these
virus vectors. One modification that could be used as an illustration is the introduction of
amber stop codons which allow for read through expression of fusion proteins. It has been
well established that during nonsense suppression, a nonsense codon (stop codons) can be
recognized by certain species of amino acyl-tRNAs (nonsense suppressors) hence allowing
the translation of read-through proteins (Beier and Grimm, 2001). Since the discovery of a
naturally occurring leaky amber codon within the TMV genome, in vitro translation of the
TMV genome followed by sequencing of the resulting fusion protein have been
conveniently used as a system to screen for naturally occurring amber suppressors. The
leaky amber codon of TMV was later used to control the expression of fusion coat protein
in chimeric virus system to increase the viability of the resulting chimeric virus (Skuzeski
et al., 1991; Sugiyama et al., 1995). However, this type of application was considered
impractical since the read-through efficiency was only around 5-10% (Skuzeski et al.,
1991; Sugiyama ef al., 1995). Ooi et al., (2006) reportedly achieved a significantly higher
level of read-through efficiency in a Cucumber green mottle mosaic virus (CGMMYV)
muskmelon system in which chimeric CGMMYV was developed to randomly display the ‘a’
determinant of Hepatitis B surface antigen (HBsAg). In this system the read-through
efficiency was significantly higher than that previously reported for tobamoviruses. Mor et
al. (2002) developed a high-level expression system that utilizes elements of the replication
machinery of the single-stranded DNA virus Bean yellow dwarf virus. The replication
initiator protein (Rep) mediates release and replication of a replicon from a DNA construct
(‘LSL vector’) that contains an expression cassette for a gene of interest flanked by cis-
acting elements of the virus. Interestingly it has also been suggested that modifications
which cause alleviation of disease symptoms in plants allow better growth and biomass
production, which may improve the yields of heterologous proteins. The symptoms caused
by the TuMV and CIYVV vectors carrying two heterologous genes were alleviated as
compared to the insert-less vector viruses (Masuta et al., 2000; Beauchemin ef al., 2005).
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Factors affecting stability

Due to their relatively high rate of mutation during replication, RNA viruses are evolving
rapidly and this is the basis of their ubiquity and also their adaptability. In the study by
Teoh et al. (2009) it was shown that the EB4 Dengue virus gene sequence carried by the
chimeric CGMMYV was systemically removed during the infection process. The order of the
removal of the transgene was speculated to be the 5’ to 3" direction. This report shows the
temporal in-host truncation of the transgene from a chimeric virus in a natural host. Other
reports have shown truncation occurring in transgenic plants expressing the same or similar
transgenes as the chimeric virus (Chung et al., 2007) suggesting targeting by a resistance
mechanism or competition with the parental virus as the mechanism involved. The exact
mechanism of truncation of the transgene in Teoh’s study is less clear as a previous study
using the same vector and host with a different transgene did not exhibit the same
instability (Ooi et al., 2006). The larger size of the EB4 peptide in comparison to the
Hepatitis B epitope, the epitope first used in CGMMYV (Ooi et al., 2006) suggests that the
truncation mechanism or transgene recognition by the virus was size dependent.

Another approach taken in developing stable constructs is in the use of defective
interfering (DI) particles instead of the wild type virus since DI-RNAs are not required for
RNAs. Therefore, these molecules can be modified with less restriction than the genomic
sequences and are suggested to be more stable. Many experiments have been performed
during the last several years to evaluate the use of DI-RNAs as gene expression systems in
planta (Liao et al., 1995; Yeh et al., 2001). The results have shown a great potential for
such applications. The studies showed that BBMV DI-RNAs offer great advantages, such
as the wide host range of the helper virus, the ease of mechanical infection, and high levels
of virus accumulation in legume hosts.

Teoh et al. (2009) also provide information on a rational harvesting timeline for their
chimeric virus making this system exploitable for implementation in a plantation scale in
the future. It was suggested that once host plants are infected with the chimeric virus
carrying the inserted foreign peptides, the optimum harvesting time would be at around 14
days post-inoculation (dpi) or not more than 20 dpi in order to obtain maximum yield of the
full-length transgene. Growth of the infected plants for longer periods to obtain higher
yields of the chimeric virus may induce unwanted transgene deletions.

Plant Virus Vectors as Vaccine Carrier Candidates

Immune mechanisms relevant to vaccine development

A state of immunity can be induced by passive or active immunization. Each type of
immunity is brought about according to a desired situation. Short-term or transient passive
immunization is induced by transfer of preformed neutralizing antibodies. Infection or
active immunization achieves long-term active immunization with the generation of not
only effector cells but long-lived memory cells. Active immunizations with vaccines have
been developed for many diseases. There are two basic principles in vaccinology. One, the
antigen or specifically the immunogen which can stimulate the adaptive immune system
and the second, an adjuvant which is required to induce a certain level of inflammation
associated with the innate immune system. Therefore a successful vaccine has to be a
combination of immunogen and adjuvant to link adaptive and innate immune defence
mechanisms.
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A successful vaccine also has to be able to activate both arms of the adaptive immune
system, that is, the humoral and cellular-mediated immunity. This is an important strategy
as the various components of these two immune systems require collaboration from one
another to achieve maximum protection against the vaccinated disease. An ideal vaccine
should include both T and B cell epitopes for both intracellular and extracellular pathogens
respectively. For a vaccine to have the ability to induce a cellular-mediated or T cell
response, it would require recognition by the major histocompatibility complex molecules
(MHC). This is because the T cell can only see the antigenic epitope when it is displayed in
the groove of an MHC molecule. The antigen is processed and presented by an antigen
presenting cell (APC) which expresses the MHC molecules. The most prominent APC is
the dendritic cells therefore to be effective; a vaccine must target dendritic cells. However,
antigen-specific B cells are the most potent APC for inducing secondary antibody
responses. Thus, booster vaccinations must target antigen-specific B cells. Antigen
presentation via antigen-processing pathways with class I and class Il MHC molecules has
been maximized with the use of adjuvants in vaccine production. Adjuvants also have been
shown to inhibit the immunosuppressive T regulatory cells. Common examples of
adjuvants used in vaccines are TLR (toll-like receptor) ligands which bind to the TLRs on
the dendritic cells. In humoral or B cell reponses, the type of immunoglobulin generated is
important with respect to the types of pathogens. The route of immunization plays a vital
role in generating either an IgG or IgA response. Extracellular and intracellular pathogens
would require vaccines that can generate the IgG antibodies whilst mucosal pathogens
would require generation of IgA antibodies. The route of immunization for IgG antibodies
is normally via subcutaneous injections and for the IgA antibodies is given orally or
intranasally.

The current effective types of vaccines are either of the inactivated or live attenuated
forms. There are advantages and disadvantages to these forms of vaccines. The main
disadvantage of the attenuated vaccines is their ability to revert to virulent forms, and that
of the inactivated vaccine is that it can mainly induce the humoral response. The World
Health Organisation (WHO) has identified six main properties of an ideal vaccine. They
are: affordable worldwide; heat stable; effective after a single dose; applicable to a number
of diseases; administered by a mucosal routes; and suitable for administration early in life.

Therefore, active investigations are carried out to develop vaccines to maximize the
immune response to selected immunogenic epitopes and to meet the above requirements of
an ideal WHO vaccine.

Plant virus vector systems as vaccine vehicles

Plants and plant viruses have recently been proven in animal and preclinical studies as
reliable systems for expressing and delivering antigenic proteins or peptides as
immunogens to be used for the development of new vaccination strategies. It has become
an attractive alternative because when compared to current vaccines such as the
conventional live-recombinant, live-attenuated (avirulent), or inactivated (killed) pathogen
vaccines, plant viruses are accepted to be nonpathogenic in humans and other animals.
Therefore it is regarded as a much safer vaccine vehicle.

Plant virus coat proteins (CP) have been illustrated as carriers to present immunogenic
peptides to the immune system. When properly fused at target positions on the capsid
proteins, the recombinant viral CP self-assembles and generates chimeric virus particles
(CVPs) that display the foreign sequence on their outer surfaces. This ‘epitope-displaying’
strategy using plant virus CP as carriers for both viral and bacterial antigens has been
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successfully tested experimentally in animal models. When immunized subcutaneously, the
responses showed high titres of specific IgG that displayed the effector function of
pathogen opsonization for effective phagocytosis by human neutrophils.

Importantly, the antibodies generated were also able to provide protection when
challenged with different immunotype strains. The challenged mice had fewer severe
lesions and fewer pathogens compared to mice immunized with wild-type virus (Brennan et
al., 1999). There are many evidences on the success of plant virus vector systems as
vaccine vehicles. Some of the more common ones are TMV, Potato virus X (PVX), Alfalfa
mosaic virus (AMV) and Cowpea mosaic virus (CPMV), each of them with different
acceptance ability of peptide lengths. Although the TMV coat proteins can only accept
peptides less than 25 amino acids in length, as compared to viruses with flexible coat
morphology (spherical, ellipsoid, and bacilliform) such as the AMV which allowed fusions
of at least 37 amino acids (Yusibov et al., 1997), it has been successfully developed as a
vaccine vehicle for more than 25 diseases with most being in animals (mouse, rat, rabbit,
pig) and a few in human. Important examples of serum and mucosal immune responses
detected in human with a plant vaccine vehicle are with the hepatitis B surface antigen
(HBsAg), enterotoxin B subunit of E. coli (LTB), Norwalk virus capsid protein and
Streptococcus mutans adhesion protein antibody.

Tacket and Mason (1999) performed the first human clinical trial with an oral plant-
vaccine thus suggesting that plant based systems were suitable for developing human
vaccines. Raw potatoes producing LTB were offered to volunteers at an equivalent dose
used for oral immunization against the structural and immunological similar purified
cholera B subunit (CTB). Tacket et al. (2000) then fed volunteers either 50 or 100 g of
potatoes containing ~0.75 mg of LTB per dose at a total of three doses on days 0, 7 and 21.
Ten out of the eleven volunteers that ate the transformed tuber tissues showed at least a
fourfold increase in serum IgG antibodies against LTB. A four-fold mucosal (IgA) immune
response was also seen in six out of the eleven volunteers. Anti-LTB antibodies remained
elevated in blood when measured 59 days after ingestion of the first dose. Similar effective
doses were given in human trials using Hepatitis B surface antigen in lettuce (200 and 150
ug doses, containing 0.1 to 0.5 ug HBsAg per 100 g raw potato) and Norwalk virus capsid
protein (NVCP) in potato (150 g dose, containing 215 to 751 ug NVCP) (Tacket et al.,
2000). These results have encouraged more researchers to produce vaccines in plants and
subsequently to explore vector carriers such as plant viruses as the expression system in
plants thus circumventing the need for developing transgenic plants.

In animal studies TMV was similarly proven as an effective vaccine delivery vehicle for
parenteral and mucosal immunization and for protection from challenge with viral
infection. Hybrids of TMV were constructed with the fusion to the coat protein peptide of
murine hepatitis virus (MHV). The TMV hybrids were propagated in tobacco plants, and
the virus particles were purified. Immunogold labelling, with the use of specific
monoclonal antibody, showed specific expression of hybrid TMV particles, confirming the
display of the MHV epitope on the surface of the TMV. Mice were immunized with
purified hybrid viruses for several immunization regimens. Mice that received the TMV
hybrids intranasally developed serum IgG and IgA specific for its epitope and for the TMV
coat protein. When administered by subcutaneous injections, only high titres of serum IgG
that was specific for the epitope and for coat protein was generated, and not specific IgA.
Mice that were immunized with hybrid virus by subcutaneous or intranasal routes of
administration survived challenge with a lethal dose (10 x LDsy) of MHV, whereas control
mice administered with wild-type TMV died 10 days post challenge. These results show a
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positive correlation between the dose of administered immunogen and protection against
MHYV infection (Koo et al., 1999).

Modelska et al. (1998), in their study demonstrated that recombinant plant virus
particles containing a chimeric peptide representing two rabies virus epitopes were able to
stimulate the synthesis of viral neutralizing antibody in immunized mice. The mice were
immunized intraperitoneally or orally (by gastric inturbation or by feeding on virus-infected
spinach leaves) with engineered plant virus particles containing rabies antigen was able to
mount a local and systemic immune response. After the third dose of antigen, given
intraperitoneally, 40% of the mice were protected against challenge infection with a lethal
dose of rabies virus, while the oral administration of the antigen stimulated the synthesis of
both serum IgG and IgA and showed protection against an intranasal infection with an
attenuated rabies virus strain.

Using malaria as a model disease, Turpen et al. (1995) utilized the surface of TMV for
presentation of selected epitopes to the mammalian immune system. Selected B-cell
epitopes were either inserted into the surface loop region of the TMV coat protein or fused
to the C terminus using the leaky stop signal derived from the replicase protein reading
frame. It was observed that the tobacco plants were systemically infected with each of these
constructs and contained high titres of genetically stable recombinant virus. This enabled
purification of the chimeric particles in high yields. Symptoms induced in tobacco ranged
from a normal mosaic pattern similar to that induced by the parental strain to a unique
bright yellow mosaic. When measured by quantitative ELISA against synthetic peptide
standards, wild type TMV coat protein and fusion protein synthesized by the leaky stop
mechanism co-assembled into virus particles at the predicted ratio of approximately 20:1.
This study proved the potential of recombinant plant viruses to meet the requirement for
scalable and cost effective production of subunit vaccines that can be easily stored and
administered.

Another WHO ideal vaccine requirement is a multivalent subunit vaccine that includes
multiple antigen epitopes for protection against different serotypes of a pathogenic species.
This ensures better protection from pathogens such as influenza virus, Salmonella,
Streptococcus pneumonia and Neisseria gonorrhoeae that regularly undergo subtle genetic
changes in their antibody recognition sites to avoid effective immune response during
subsequent infections. Denis et al. (2008) recently demonstrated the potential of using a
Papaya mosaic virus (PapMV) platform carrying the universal M2e influenza epitope
(PapMV-CP-M2¢) as a candidate flu vaccine. The study showed that PapMV-CP-M2e
virus-like particles (VLPs) could induce production in mice of anti-M2e antibodies that can
recognize influenza-infected cells. PapMVCP-M2e discs made of 20 coat protein (CP)
subunits were shown to be poorly immunogenic compared to PapMV-CP-M2e VLPs
composed of several hundred CP subunits. It was also showed that addition of either alum
or PapMV-CP VLPs as adjuvant dramatically increased the immunogenicity of the
PapMV-CP-M2e-containing vaccine, and led to 100% protection against a challenge of
4L.D50 with the WSN/33 strain. These results show, for the first time, the potential of a
recombinant plant virus protein to serve as both a peptide delivery system and adjuvant in
the crucial field of influenza vaccine development.

There are also efforts to construct a multicomponent vaccine that carries a combination
of antigens from several different species of pathogens produced in a single plant to allow
the delivery of multiple vaccinations in a single dose. Yu and Langridge (2001) developed
potato plants that synthesized cholera, rotavirus and enterotoxigenic E. coli antigens as a
potential multi-component plant-based vaccine. Their results were most encouraging as oral
immunization of mice with five weekly feedings of the transgenic tubers generated
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significant serum and intestinal antibody formation against all three antigens. Diarrhoea
symptoms were reduced in severity and duration by more than 50% following pathogen
challenge. Following on with this concept, Kelloniemi ef al., (2008) also showed the same
possibility in a plant virus vector system. In their study three heterologous proteins were
simultaneously expressed from a chimeric potyvirus Potato virus A (PVA) in Nicotiana
benthamiana. The genes for green fluorescent protein of Aequoria victoriae, luciferase of
Renilla reniformis and glucoronidase of Escherichia coli were inserted into the engineered
cloning sites at the N-terminus of the P1 domain, the junction of P1 and helper component
protein (HC-Pro), and the junction of the viral replicase (NIb) and coat protein (CP),
respectively, in an infectious PVA cDNA. The proteins were expressed as part of the viral
polyprotein and subsequently released by cleavage at the flanking proteolytic cleavage
sites. The engineered viral genome was 39.2% larger than wildtype PVA and infected
plants of N. benthamiana systemically. pGLUwas stable and expressed all three
heterologous proteins, demonstrating the potential of the system for development of multi-
component vaccines.

Clearly plant vector virus systems show great potential for the production of both IgG
and IgA antibodies as well as for developing protection against recurrent infections.
However, there are obstacles to ensure their safety and acceptance, a priority being the
formulation and dosage to prevent the induction of tolerance. Other concerns include
allergic responses of individuals to certain plants. It might be just a matter of years before
all these concerns are addressed and we would be able to benefit from these systems in
ensuring protection against dangerous and infectious diseases.
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Chapter 18

Novel Medicinal Plants for the Production and
Delivery of Vaccines

Simone Reichwein and H. Warzecha

Introduction

Throughout mankind’s history, plants and plant products have been used for preventing and
curing diseases. Archacological and historical records document that the use of medicinal
plants or plant derived extracts dates back several thousand years and could be found on all
continents. For example the use of opium can be traced back to the famous Iliad of the
Greek poet Homer, and Indian Ayurveda dates back at least to 400 BC. Although during
the past 200 years traditional plant remedies have been replaced by chemical defined
substances which were largely chemically synthesized, medicinal plants are still heavily
utilized and also provide sources for the extraction of pharmaceutical substances too
complicated to synthesize (Newman and Cragg, 2007). Exceptions from traditional
medicines were protein therapeutics, which could only be obtained from their natural
sources in limited amounts. Insulin is the most prominent example, as it had to be extracted
from pig’s pancreas (Banting et al., 1991). The pancreas of 50 pigs was used to cover the
annual insulin need of one patient, illustrating the huge efforts and the vast amount of
resources required to obtain this special remedy. The bottleneck of natural resources could
eventually be overcome by a technique first described by Cohen and Boyer in 1973 (Cohen
et al., 1973). Recombinant DNA technology, entering the stage more than 30 years ago,
enabled a novel class of pharmaceutics to be produced and marketed, the so-called
recombinant therapeutics, and human insulin (Goeddel et al., 1979) was the first product
entering the market in 1982. Biotechnology has provided a tool through which protein
therapeutics for substitution therapy (insulin (Walsh, 2005), glucocerebrosidase (Friedman
et al., 1999)), immunotherapy (antibodies (Walsh, 2000)), and even vaccines (hepatitis B
(Jilg, 1998), human papilloma virus (Inglis ef al., 2006)) can be produced independently
from their origin in various host organisms. Today, mainly bacteria (Swartz, 2001), yeast
(Gerngross, 2004; Daly and Hearn, 2005) and animal cells (Wurm, 2004) serve as
production platforms for recombinant protein therapeutics. However, there has been
significant effort and also success in developing new platforms for the cost-effective large-
scale production of protein therapeutics. The ratio for novel production systems is
manifold: (i) the integrity of the protein product is largely dependent on the production
system but also on fermentation conditions, and many protein therapeutics do need special
post translational modifications such as glycosylation, proteolytic cleavage and folding;
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(i1) to produce large amounts of protein therapeutics at reasonable cost, the price for
facilities, fermentation media and supply, as well as subsequent purification of the product
need to be significantly reduced; and (iii) contamination of the product with human
pathogens should be avoided. Therefore, the use of systems absent of any bacterial cell wall
fragments, viral contaminations, as well as oncogenic DNA is preferable.

The emerging field of plant-based biotechnology has led to an enhanced interest in
using plants for the production of therapeutic agents. Some of the anticipated advantages of
plants over conventional production systems are their inexpensive cultivation, the
possibility for rapid scale-up, a variety of post-translational modifications of proteins, their
reduced risk of transferring human pathogen contamination, and last but not least the ease
of storage and distribution (Table 18.1). The first plant-produced recombinant
pharmaceutical protein, initially produced in transgenic tobacco and potato plants, was
human serum albumin which is the most abundant protein in the human circulatory system
(Sijmons et al., 1990). Since then, a large number of reports have shown that numerous
recombinant therapeutics can be efficiently produced in plants. A large variety of crop
species has been utilized and several techniques have been developed to optimize structure
and yield of the desired proteins. Blood products, growth factors, hormones, antibodies and
human as well as veterinary vaccines (Table 18.2) have been successfully obtained from
plants and could be tested for efficacy both in animals and humans (Twyman et al., 2003).
However, even though more than 130 recombinant peptide and protein pharmaceuticals
have been approved by the FDA (US Food and Drug Administration) for human use to
date, none of them is plant-derived. There is only one plant-based vaccine approved which
is only for use in animals, though, and is not marketed so far (N.N., 2006). This shortfall of
plants behind conventional production systems might be at least partly due to a premature
technology, but mainly due to general concerns using genetically modified plants for the
production of drugs and due to unsettled regulatory processes. However, the approach of
plants producing vaccines is coming of age, and the aim of this chapter is to highlight some
of the features of the technology, but also to stretch some of the hurdles and drawbacks.

Table 18.1. Advantages of plant-based production systems over conventional systems.

e low cost of raw material

e rapid scale-up

e higher eukaryote protein synthesis pathway: post-translational modifications, similar
to animal cells with minor differences in glycosylation pattern

e expression in different intracellular compartments to enhance stability or expression

level

simplified storage of raw material

reduced need for cold-chain

reduced concerns over human pathogen contamination

multiple transgenes may be expressed together/transgene stacking

enables expression of vaccines in edible plants or plant parts
0 no purification or procession required

oral delivery

eliminates cost of syringes and needles

reduces need for medical assistance in administration

eliminate fear of vaccination via injection

eliminate concern over transmitting diseases by needle reuse

O O0OO0OoOo
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Vaccines, a Special Medicine

Vaccines are a special medicine regarding their specifications as well as their requirements
for safety. As they are usually administered to healthy people, there is very little tolerance
regarding side effects or even spreading vaccine transmitted diseases. When Edward Jenner
in 1798 inoculated children with pus from pox-infected cows (Jenner, 1798) and Louis
Pasteur at the end of the 19th century used an attenuated virus received from the spinal cord
of rabbits to vaccinate a child against rabies (Pasteur, 1885), there was little concern about
safety. Although physicians as well as patients were aware of these risks (Ballard, 1868), it
was considered the less evil compared to the disease. Nowadays, with increasing
knowledge about pathogens and production techniques, the risk of acquiring a disease from
an incomplete inactivated vaccine is almost zero. Like at the advent of immunization most
vaccines used today still comprise live attenuated or killed viruses and bacteria, grown in
complex cells or organs (Ulmer et al., 2006). Beside the enormous effort to create a safe
formulation, with these techniques only such pathogens could be used for vaccine
production which could be cultivated, clearly limiting the array of vaccine-preventable
diseases. In the timeline of vaccine development, only very recently, in the 1980s, new
strategies for the production of vaccines were developed with the emergence of modern
molecular biotechnology, enabling the production of so called subunit vaccines. The active
part of these vaccines are not complete pathogens but various proteins or peptides derived
from bacteria, viruses and parasites, pathogenic to humans or animals and in general
produced not by the pathogens themselves but recombinant using heterologous host
organisms. This novel approach enabled the production of antigens irrespective of their
origin and regardless of the ability of the pathogen to grow in vitro, hence expanding the
number of diseases which could be targeted by vaccines.

Today, various expression systems are well established and commercially utilized,
which range from prokaryotes such as Escherichia coli and Bacillus subtilis to eukaryotes
such as yeast, fungi, mammalian and insect cell cultures, animals and plants (Yin et al.,
2007).

The heterologous expression of genes in bacteria is the most prominent way for
obtaining large amounts of recombinant proteins since it is the simplest and most
inexpensive method. The gram-negative bacterium Escherichia coli is the most widely used
host as it is well-characterized, easy to transform and its cultivation is cost-effective
(Swartz, 2001). For the production of the vaccine against Lyme disease, LYMErix (Steere
et al., 1998), E. coli was the expression system of choice. As the active ingredient, the outer
surface protein A (OspA), is a bacterial lipoprotein, it could be efficiently produced and
purified. However, the major disadvantage in using bacterial systems is that they usually do
not perform post-translational modifications (PTM) of proteins which are often required for
their function, stability and immunogenicity. The difficulty to express large proteins (> 50
kDa), the absence of glycosylation and proteolytic removal of signal peptides, an incorrect
or absent disulfide linkage, and the accumulation of the desired proteins as inclusion bodies
are the major problems of using bacterial systems as production platforms.

Another opportunity is the expression of heterologous genes in eukaryotic cells to gain
soluble and bioactive proteins. The baker’s yeast Saccharomyces cerevisiae is a valuable
production host due to rapid growth and cost-effective culture conditions (Gerngross,
2004). Since yeasts are eukaryotic organisms, they have the capacity to perform
posttranslational modifications, such as glycosylation or phosphorylation. Vaccines
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produced in yeast are the Hepatitis B surface antigen (S. cerevisiae) (Emini et al., 1986)

and the human papillomavirus capsid proteins L1 (S. pombe) (Inglis et al., 2006).

Table 18.2. Examples of plant-produced antigens and vaccines (modified from Streatfield and Howard, 2003).

Pathogen / host

Antigen

Expression
system

Expression
level

Efficacy

References

Enterotoxigenic
strains of E. coli/

Heatlabile toxin B
subunit

Potato tuber

0.2% TSP?/
0.001% FWe

Immunogenic and
protective by oral delivery
to mice and humans

Haq et al., 1995; Mason et
al., 1998; Tacket et al., 1998;
Lauterslager et al., 2001

Immunogenic and

0,
humans Maize seed 10? TSP/ protective by oral delivery | Streatfield et al., 2001, 2003
0.1% FW ;
to mice
Hepatitis B virus / 0.007% TSP/ | Immunogenic by Mason et al., 1992;

humans

Surface antigen

Tobacco leaf

0.0008% FW

intraperitoneal delivery to
mice

Thanavala et al., 1995

Hypervariable Tob leaf
itis C vi region 1 of tobacco | 0.04% TSPI |1 ic by nasal
Eepatms C virus / envelope protein 2 (to acco DAl mrmunogenic by nasa Nemchinov et al., 2000
umans fused to cholera mosaic 0.005% FW delivery to mice
toxin B subunit virus)
0.2% TSP/ Immunogenic by oral
Norwalk virus / Tobacco leaf 0.03% FW delivery to mice Mason et al., 1996
humans Capsid protein Potato tuber 0.4% TSP/ Lﬁm::ogsr#ﬁczya%rjl Mason et al., 1996; Tacket et
0.003% FW y al., 2000

humans

Rabies virus /
humans and
animals

Peptides of
glycoprotein and
nucleoprotein

Tobacco and
spinach leaf
(alfalfa
mosaic virus
and tobacco
mosaic virus

10% VPW®/
0.0005% FW

Immunogenic and
protective by
intraperitoneal or oral
delivery to mice and
immunogenic by oral
delivery to humans

Modelska et al., 1998;
Yusibov et al., 1997, 2002

V. cholerae /

Cholera toxin B

Tobacco leaf

4% TSP/ 0.5%

No published data

Daniell et al., 2001

humans subunit FW
Human . Cowpea leaf . .
immunodeficiency Peptide of (cowpea 29, VPW / Immunogenic by Durrani et al., 1998;
. transmembrane . o subcutaneous, nasal or Mclnerney et al., 1999
virus type 1/ . mosaic 0.002% FW . .
protein gp41 . oral delivery to mice
humans virus)
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Respiratory Immunogenic by oral
syncytial virus / Fusion protein Tomato fruit | 0.003% FW deli ; Sandhu et al., 2000
humans elivery to mice
Plasmodium Peptides of ;gggggg oot

. circumsporozoite ; 0.003% FW No published data Turpen et al., 1995
falciparum / humans mosaic

P protein .

virus)
Human Tobacco leaf lTé?;(?tﬁ/geeg ic and
papillomavirus type | E7 oncoprotein (potato virus | 0.0004% FW P y . Franconi et al., 2002
subcutaneous delivery to

16 / humans X)

mice

Foot-and-mouth
disease virus /
farmed animals

Peptide of
structural protein
VP1 fused to -
glucuronidases

Alfalfa leaf

0.004% TSP/
0.0005% FW

Immunogenic and
protective by
intraperitoneal delivery to
mice

Dus Santos et al., 2002

Structural protein

Tobacco leaf
(tobacco

Immunogenic and
protective by

o . .
VP1 mosaic 0.02% FW intraperitoneal delivery to Wigdorovitz et al., 1999
virus) mice
Transmissible 0.2% TSP/ Immunogenic by
gastroenteritis virus | Glycoprotein S Tobacco leaf 0'03((’,/0 FW intraperitoneal delivery to | Tuboly et al., 2000
| pigs ) pigs
. Cowpea leaf Immunogenic and
Pseud.omonas Peptides of outer (cowpea 4% VPW / protective by
aeruginosa/ membrane protein . o . Brennan et al., 1999a, b
humans = mosaic 0.005% FW sqbcutaneous delivery to
virus) mice

2 TSP: total soluble protein

® FW: fresh weight

¢ VPW: viral particle weight
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However, glycosylation differs from that of mammalian cells and is presumably
antigenic in humans (Liu, 1992). Mammalian expression systems, most commonly Chinese
hamster ovary (CHO) cells, baby hamster kidney (BHK) cells and myeloma cell lines are
the systems of choice to obtain authentically post-translational modified recombinant
proteins of human origin (Wurm, 2004).

Many important pharmaceutical proteins are produced by using mammalian cell lines,
but the cost of setting up and running mammalian cell cultures can be immense due to their
complexity. Moreover, there is an ongoing debate regarding the presence of retroviruses or
oncogenic DNA.

However, there are no examples of subunit vaccines produced in mammalian cell
cultures, probably due to the sufficient cheaper production systems.

The Rationale for Using Plants

With regard to the immense need of vaccines worldwide and the inadequate immunization
particularly of children in developing countries, vaccines are required to be produced and
administered in an easy and inexpensive way. Theoretically, the production of vaccine
candidates in plants would offer an alternative and cheap production system to any current
commercial system. The following considerations build the ratio for favouring plants over
conventional production systems: (i) plants have simple requirements regarding their
growth and cultivation, needing only sunlight, soil, water, and some fertilizer; (ii) proteins
will be built with all necessary post-translational modifications in plants, so plants are an
adequate environment to produce correctly processed complex proteins; (iii) plant-derived
vaccines reduce the risk of contamination with human pathogens and (iv) eliminate the
need for a cold chain since most proteins are highly stable in unprocessed plant material.
Last but not least, (v) plants allow the easy oral delivery of the vaccine, if the antigen is
produced in edible plants or plant tissues, eliminating the need for expensive processing or
purification. Additionally, in case of an edible vaccine, cost of syringes and needles could
be eliminated and therefore, the need of medical assistance in administration could be
reduced. This ultimately should reduce the overall cost of vaccines and make the concept of
edible vaccines especially attractive for developing countries.

Host Plant Options

Other than for microbial, yeast or mammalian cell systems, there is no particular plant
species for the production of recombinant proteins which is considered as the standard
system. Mainly, plants are utilized which are easy to transform and cultivate, with short
regeneration times yielding reasonable amounts of biomass. The great variety of types of
plants and types of plant tissues used as factories for the production of recombinant
vaccines includes:

= cereals (rice, wheat, maize),

= legumes (pea, soybean, lucerne),

= fruit and root crops (tomato, potato, lettuce, spinach) with tobacco being the most
prominent among them,

» aquatic weeds (duckweed, Lemna sp.),

*  root vegetables (carrot),
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= single-cell cultures of the algae Chlorella and Chlamydomonas,
= suspension cell cultures of a variety of plants.

One of the first crucial points which have to be addressed prior to producing therapeutic
proteins and vaccines in plants is the choice of the appropriate plant host species. While
tobacco is frequently used as a model system, there may be significant hurdles due to its
alkaloid content in terms of developing an edible vaccine. The expression host choice may
be influenced by expertise and experience as well as by recombinant protein accumulation
levels and production costs, particularly with regard to further processing or purification,
and regulatory factors.

In contrast to plants, single-cell cultures thereof offer the advantage of a high degree of
containment and the possibility of producing recombinant proteins under Good
Manufacturing Practice (GMP) conditions, as it is routinely the case with conventional
microbial or mammalian fermentation (Hellwig et al., 2004). The advantages offered of
plant single-cell culture over mammalian or yeast cell culture are mainly the usually
simpler culture media and culture conditions. Potential advantages in terms of accumulation
levels or PTMs like glycosylation have to be evaluated for each system. For the enzyme
glucocerebrosidase, a substitute for patients with the lysosomal storage disorder Gaucher’s
disease, the Israel-based Biotech company Protalix has shown a benefit of using plant cells
over conventional mammalian cells. When the enzyme is produced in carrot cell cultures, it
already adopts the functional form with terminal mannose residues on the glycan structures
(Shaaltiel et al., 2007). In CHO cells the glycan structure is different and needs to be
modified in laborious subsequent production steps (Friedman et al., 1999). Hence, this is
the first example that a plant cell system could be superior to a traditional production
system.

Plant Transformation Methods

Genetic transformation of plants can be accomplished by several techniques, which are the
following: (i) stable nuclear transformation of a crop species; (ii) stable plastid
transformation of a crop species; (iii) transient transformation of a crop species and (iv)
stable transformation of a plant species grown hydroponically with the recombinant protein
to be released into the medium. The choice of the adopted method may be influenced by
several aspects, including host plant species, its regenerability in tissue culture, and the
targeted plant organelle for transgene insertion and expression.

Stable nuclear transformation

Agrobacterium tumefaciens-mediated gene transfer for stable nuclear transformation of
plants is the most frequently used method (Fraley ef al., 1983; Zupan ef al., 2000). The soil
bacterium A. fumefaciens is able to infect plants by transferring a circular DNA segment,
the so-called Ti-plasmid, into the genome of its host. In its biotechnological use, a
modified, disarmed Ti-plasmid harbouring the gene of interest in an expression cassette
under control of a strong promoter (Tzfira and Citovsky, 2006) is delivered into the plant
cell by the bacterium. The expression cassette is integrated into the plant’s nuclear genome
and during callus tissue culture, transformed cells are selected under antibiotic treatment
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and regenerated into transgenic plants. Similar while less efficient results can be obtained
by particle bombardment. Plasmid-coated gold particles are biolistically inserted into the
nucleus and the expression cassette is integrated into the genome. Detection and
regeneration of transformants is again achieved under antibiotic selection. In any case the
transgene is integrated into the genome by rather random events in numerous copies. So
called position effects make transgenic lines heterogeneous and make screening and
crossing costly in terms of labour and time.

Transient transformation via plant viruses

The use of autonomously replicating plant viruses like tobacco mosaic virus (TMV) or
cowpea mosaic virus (CPMV) which have the ability to infect plants, is another
transformation method resulting in high amounts of recombinant protein (Pogue et al.,
2002). A plant virus is modified that the gene of interest replaces the gene for a highly
expressed coat protein. Inoculation of the host plant with the chimeric virus and subsequent
viral replication initiates transgene expression within days yielding large amounts of
recombinant protein.

Transient protein expression systems via plant viral vectors such as recombinant TMV
or others are rapidly gaining popularity. The high level of recombinant protein expression
(up to 2 g/kg plant tissue) within a very short time makes it an attractive tool for whole-
plant based recombinant vaccine production (Liu ez al., 2005; Golovkin et al., 2007).
However, the number of appropriate vectors is limited, as is the number of plant species
which are susceptible to a given virus. The transferred gene is not incorporated into the
plant’s genome but merely present in the nucleus where it is transcribed, and plants are
harvested shortly after the artificial infection. Therefore, no transgenic plants are generated
but the use of transgenic viruses generates the need of containment to prevent unintended
spread of viral replicons.

Another technique for transient expression is the infiltration of plants with an
Agrobacterium suspension containing the viral replicon (Gleba er al., 2007).
Agroinfiltration of plant tissue is also rather rapid and yields sufficient quantities of
recombinant protein for initial analysis or further structural and functional characterization
without the need for stably transformed plants. However, the production of a plant virus-
derived recombinant protein requires an extra step of manual inoculation of the host plant
with virus particles or Agrobacteria containing the viral replicon, hence making this
technology not suitable for large scale production.

Plastid transformation

Although nuclear transformation of a crop species is the most common method to date,
there are several concerns connected with nuclear genetic transformation of crops. For
example, some grains have the potential to cross with native crop species or even food
crops. There have been developed technologies to avoid the outcrossing, such as pollen
sterility, but these technologies alleviate cost-effectiveness of the particular system due to
reduced yields and higher laboratory or genetic efforts.

Expression of recombinant proteins in chloroplasts in several cases eliminates the
problems associated with nuclear transformation and some features of chloroplasts make
plastid transformants superior to nuclear transformants. The transgene is properly inserted
into the plastid genome via homologous recombination and therefore, no position effect



Medicinal Plants for Vaccine Production and Delivery 295

takes place. The high number of chloroplasts per cell and genomes per chloroplast (up to
10,000 genome copies per green cell) usually result in high levels of recombinant protein
accumulation (Bock, 2007). And, last but not least, the maternal inheritance of organelles in
most crop species avoids transgene spread through pollen (Ruf ef al., 2007; Svab and
Maliga, 2007). The two major downsides of plastid transformants are the extended
generation and cultivation periods and that to date only a few plant species can be
transformed routinely, with tobacco being the most well-established one (Maliga, 2004).
Regarding their protein accumulation, plastid transformants rank almost equal to transient
expression levels as they are capable of producing up to 70% of their total soluble protein
as recombinant protein (Oey et al., 2009).

Transgene Localization

Plants have been proven as suitable expression system for various recombinant proteins and
offer several advantages over conventional expression systems (Table 18.1). In general,
integration of the transgene into the nuclear genome enables the production of the desired
protein in the cytosol. In addition, as for other higher eukaryotes, proteins can be targeted to
various compartments like the endoplasmic reticulum (ER), or can even be secreted to the
apoplastic space. The passage of the protein through the ER is generally considered to be
mandatory for correct formation of disulfide linkage and it has been shown that plants are
capable of introducing the right folding to heterologous mammalian proteins. For example
insulin is correctly assembled and functional when expressed in Arabidopsis thaliana
(Nykiforuk et al., 2006). But plants offer also very special translocation destinations, like
vacuoles or plastids, which are unique to this system. This specific targeting of the
expressed protein to several particular compartments or organelles, facilitated either by
specific signal sequences genetically fused to the protein or, in the case of the plastids,
stably integrated into the organellar genome, significantly can change the accumulation
levels and post translational modifications. So is the cholera toxin subunit B correctly
folded and active as well as present in large amounts when expressed from the chloroplast
genome (Daniell et al., 2001).

Beside the subcellular localization there are also several more options on a tissue level
when it comes to recombinant protein accumulation. In principle, the expression of
recombinant proteins is theoretically feasible in almost every plant part or tissue, including
stem tissue, leaf, seed, fruit, and root, or cell cultures (Fischer et al., 2004). This
partitioning is highly dependent on the promoters used. The constitutive cauliflower mosaic
virus 35S (CaMV35S) promoter facilitates more or less an even expression in all plant
tissues (Sanders ef al., 1987), but protein yields achieved are rarely exceeding levels of
0.1% of the total soluble protein (TSP). Although considerable from an academic point of
view, such levels are by far too low for any commercial application and do not outperform
traditional expression hosts.

While constitutive expression of recombinant proteins in whole-plant systems and
predominantly in leaves is generally regarded as the easiest way to engineer, there can
occur problems. Some proteins could be inhibitory to plant development, for example if
they interfere with energy allocation through photosynthesis (Hennig et al., 2007). Leaves
and other aerial parts may contain high levels of toxic or irritant secondary metabolites like
alkaloids, phenols or terpenoids, which could ultimately contaminate the final product. This
exacerbates the purification process or can ultimately prevent the use of the material in an
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oral applicable form. Moreover, protein stability may change in fresh tissue even through
refrigeration.

The use of regulated promoters enables localized protein expression and accumulation
in specific tissues, such as the E8-promoter in ripe tomato fruits (Deikman et al., 1992;
Sandhu et al., 2000) or the glutelin-1promoter in maize endosperm (Ramessar e? al., 2008).
The localization has been shown to have a great influence on the stability of the particular
protein, due to specific conditions in the localized tissue. Moreover, this technique enables
the accumulation in tissue specifically suitable for purification, storage or application
purposes, like fruits and grains.

For example, expression and accumulation of recombinant proteins in seeds via seed-
specific promoters enables easy protein purification and extremely high protein
accumulation levels (Stoger et al., 2005). Up to 36% of TSP could be achieved expressing a
recombinant single chain antibody under the control of a seed specific promoter from
Phaseolus vulgaris (De Jaeger et al., 2002), but this is a rather exceptional result.

In addition, seeds seem to be ideal for protein stability as they protect the recombinant
proteins in their mature dry state during long-term storage and transport, even at ambient
temperature. A major drawback of seeds as production localization is that protein
expression is dependent on the seed set which happens only late in plant development,
expanding the cultivation time of the plants. Other than for leaf-produced protein which
could be harvested before onset of flowering, growing the transgenic plants to full maturity
always bears the risk of spreading transgenes by pollen or even seeds which is contradicting
the idea of containment of transgenic plants harbouring biopharmaceuticals. Moreover,
most plants yielding sufficient seed material are usually food or feed crops. Therefore,
concerns are raised that pharmaceuticals produced in plants could be accidentally mixed
with foodstuff, a scenario which should be strictly avoided.

The big variety of options for recombinant protein expression systems demonstrates that
there are many critical factors in the development of therapeutic proteins or vaccines in
plants, which almost all affect the yield of the antigen produced, including: (i) choice of the
host plant species; (ii) expression system; (iii) expression level; and (iv) stability, assembly,
antigenicity of the protein expressed.

Similar to other production systems, high expression levels are rather important as they
allow to extract and to purify the relevant protein or vaccine candidate not only for
characterization but also for subsequent formulation of the medicine. Alternatively, if the
plant tissue containing the antigen is edible, a defined antigen dose could be delivered
either directly or processed in a small amount of plant material.

Plant Vaccines for Oral Application

The challenging manufacturing process of vaccines and the stringent regulations for
production, safety and efficiency have led to the extraordinarily high costs of new drugs
and vaccines (Ulmer er al., 2006). Additionally, the administration of most vaccines
requires the use of syringes and needles as well as the need of medical assistance,
additionally contributing to the total costs and generating an additional burden for the
worldwide use of new vaccines, especially in developing countries.

In the past two decades, researchers have sought transgenic plants also as scaffolding
for the production of edible vaccines. The desired goal for most plant-derived candidate
vaccines is, besides inducing effective immunity, to raise protein expression level to an
extent that allows purification and characterization as well as oral administration. Oral
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vaccination without syringes and needles could have advantages in terms of reduced
medical assistance in administration, limited need of plant processing or protein
purification, and elimination of blood-borne infections through needle reuse. But an edible
vaccine could also eliminate the anxiety against vaccination via injection, thus being less
traumatic especially for children (Giudice and Campbell, 2006). In addition, keeping the
antigen in a crude form in plant cells may reduce the need for a cold chain as plant tissues
provide a sort of ‘bioencapsulation’ and protection of the antigen (Zhang et al., 2006).
Also, oral delivery of antigens is particularly suited to protect against pathogens that infect
via mucosal surfaces.

It has been shown that oral administration of antigens has the potential to induce
immune responses in the gastrointestinal tract, in serum and at secondary mucosal surfaces,
as well as to induce cell-mediated immunity (Brandtzaeg, 2007; Gomez et al., 2008). Due
to potential digestive degradation of the antigen delivered orally to the gastrointestinal tract,
one option could be the protection of the subunit vaccine against proteolysis by
encapsulation in a protective coat. If the antigen is expressed in seeds, the natural
endosperm carbohydrate matrix which is rich in protease inhibitors may also protect the
antigen. Another option would be the mere drastic increase of the amount administered. It
is thought that about 100- to 1000-fold more antigen has to be administered orally
compared to the subcutaneous route.

Hence, optimization of the expression system and thus reduction of the amount of plant
material to be consumed is an essential step in the development of an edible vaccine.

Today, a number of edible plants or edible plant tissues such as potato, tomato, maize,
and soybean have been used for the expression of various candidate oral vaccines against
human or animal diseases and already tested in animals as well as humans, including
Hepeatitis B surface antigen (Kong ef al., 2001; Thanavala ef al., 1995; 2005, Norwalk virus
particles (Mason et al., 1996; Tacket et al., 2000), and heat-labile enterotoxin B subunit
(Haq et al., 1995; Tacket et al., 1998). Although the studies mentioned utilized plant
material with sub-optimal levels of antigen present in plant tissue, these examples
demonstrate that the approach works in principle. However, further improvements in terms
of expression levels are required for most antigens to be sufficient for economic products,
and to allow the delivery of a protective dose in a manageable amount of plant material.

As food products were consumed in these studies, many concerns arise in terms of
human health, such as the potential of induction of tolerance (Weiner, 1994) or the vaccine
to enter the food chain.

Conclusions

Since the first report of the use of plants for the production of subunit vaccines in 1992
(Mason et al., 1992), a great variety of antigens has been expressed in transgenic plants,
including proteins from bacterial and viral pathogens, allergen peptides and other pathogens
that infect human and domestic or wild animals. Research in this issue has been reviewed
many times.

However, despite almost 20 years of development and many examples of plant-derived
candidate vaccines with proven efficacy or immunogenicity, today there are only two plant-
based vaccine-related products that have gone through the major production and regulatory
hurdles and reached commercialization (Rybicki, 2009).

There are several issues to be addressed before plant derived vaccines can be considered
potential alternatives to the existing and well-established production systems and
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vaccination programmes, particularly with regard to low yields and inadequate
immunogenicity of many products as well as missing grants from the pharmaceutical
industry and governments. Considerable effort must go into GMP requirements and
regulatory oversight, similar to the situation with conventional production of antigens via
fermentation in various cell culture systems.

While technical concerns about plant-based protein production mainly focus on plant
molecular biology and immunology, successful development and commercialization of
plant-derived proteins and vaccines is also dependent on its social acceptance. Hopefully in
the future there will be some successful examples of ‘new medicinal plants’ adding to the
value of herbal medicines and reducing the concerns over plants producing vaccines.
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Chapter 19

Noscapinoids: a New Class of Anticancer Drugs
Demand Biotechnological Intervention

Harish C. Joshi, Asmita Salil, Usha Bughani and P.K. Naik

Introduction

Microtubules (MTs) are cytoskeletal components that play a critical role in many cellular
processes such as maintenance of cell shape and polarity, intracellular transport of vesicles
and organelles, and cellular motility. During cell division, MTs form a bipolar microtubule
(MT) array, called the mitotic spindle responsible for the accurate distribution of
chromosomes into two daughter cells (McIntosh, 1985). MTs, assembled from o- and B-
tubulin heterodimers, are highly dynamic structures that alternate between periods of
growth and shortening (Mitchison and Kirschner, 1984). This dynamic instability property
is crucial for MTs to carry out many of their cellular functions (Desai and Mitchison,
1997). Disruption of MT dynamics can lead to the formation of abnormal mitotic spindles,
thereby preventing the normal cell proliferation (Jordan and Wilson, 1999). The critical role
that MTs play in cell division makes them a suitable target for the development of
chemotherapeutic drugs against the rapidly growing cancers. The effectiveness of MT-
targeting drugs has been validated by the successful use of several vinca alkaloids and
taxanes for the treatment of a wide variety of human cancers. These agents inhibit or
promote the polymerization of tubulin, halt mitosis of rapidly dividing cells, induce
apoptosis, and are reasonably effective in cancer chemotherapy (Wilson and Jordan, 1995;).
As a testament to this, USFDA has approved the use of taxanes such as paclitaxel and
taxotere as a first line chemotherapy for ovarian and breast cancers and vincas such as
vinblastine, vincristine, and vinorelbine for some haematological pathologies. However,
drug resistance is a common problem with repeated and prolonged administration of these
agents, possibly owing to the amplification of a membrane glycoprotein involved in efflux
of the drug (Stark, 1986). Moreover, these anti-MT agents are frequently toxic to normal
tissues and are effective only for certain types of cancer (Rowinsky and Donehower, 1991;
Kavanagh and Kudelka, 1993). Another challenge these useful drugs face, is their poor
solubility in biocompatible solvents. As a result they are solubilized in unfriendly carriers
such as Cremphor EL and ethanol that run risk of anaphylactic shocks and medical
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emergencies. Hence, there is an urgent need for new and better chemotherapeutic drugs for
cancer treatment.

Noscapine: a Plant Derived Alkaloid

Noscapine was originally discovered by French pharmacist and Professor Pierre-Jean
Robiquet in 1817. He isolated two natural compounds from opium (Papaver somniferum):
codeine and noscapine (Warolin, 1999). Noscapine (21%) is one of the more abundant
opium alkaloids, the other prominent alkaloids being morphine (42%), codeine (12%),
papaverine (18%), thebaine (6.5%) sanguinarine, berberine and tubocurarine. As secondary
or specialized metabolites, these alkaloids are not essential for normal growth and
development but appear to function in the defence of plants against herbivores and
pathogens (Liscombe and Facchini 2008). Realistically, the actual utility of these
metabolites in the plants that synthesize them is less well understood than their human use
for the medicinal activities.

From a practical point of view, the chemical synthesis of these plant alkaloids can be
followed from the time of the appreciation of their medicinal abilities. The pioneering step
was achieved by Perkin and Robinson, who obtained noscapine from meconine and
cotarnine in the presence of potassium carbonate combined with fractional crystallization
(Perkin and Robinson, 1910). Since then, tremendous progress has been made in the
development of schemes for total synthesis. The availability of noscapine from natural
sources is perhaps more economical than the current synthetic means. However, the
elucidation of novel and simpler synthetic methods will continue to provide further
synthesis of novel derivatives. Traditionally, a mode of combinatorial chemistry has been
of immense value in drug development. Noscapine however faces a bit of a challenge
because of the linkage between the two ring system i.e. the iso-quinoline ring and the iso-
benzo-furanone ring system are joined by a single rotatable C-C bond involving two chiral
centres. This necessarily leads to a racemic mixture of four sterecoisomers of noscapine in
ordinary chemical reactions. Only one of these stereoisomers, the RS form is active
biologically (Karlsson et al., 1990; Ye et al., 1998). Nevertheless, the improvements in the
separation techniques of the chiral molecules as well as innovations in the chirally biased
synthetic procedures may capitalize on the combinatorial potential of novel synthesis. In
addition, many natural compounds such as taxanes can be easily synthesized starting from a
natural derived core structure system in a more economical fashion (Nicolaou et al., 1994)
similar principles might also apply to noscapine.

Discovery of Noscapine as a New Antimicrotubule Drug

Noscapine is a non-narcotic, phthalide isoquinoline alkaloid derived from the opium poppy
Papaver somniferum. It is a very safe cough suppressant (antitussive) which has been in use
for many decades (Empey et al., 1979; Karlsson et al., 1990). MT assembly inhibitors such
as colchicine, podophyllotoxin, MTC [2-methoxy-5-(2',3',4'-trimethoxyphenyl)-2,4,6-
cycloheptatrien-1-one] and TKB [2,3,4-trimethoxy-4'-acetyl-1,1'-biphenyl] shared a
common structural theme with respect to the chemical moieties such as a hydrophobic
trimethoxy phenyl group, a variety of other hydrophobic domains such as lactone,
tropolone, or other aromatic rings and a small hydrophilic group such as OH and NH, (Fig.
19.1). To identify potential new anti-MT drugs, we compared a series of natural compounds
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including noscapine that show structural similarities with these known agents. Unlike the
founding MT-drugs, noscapine arrests mammalian cell cycle with intact bipolar MT-
spindles in mitosis even at high concentrations. (Ye ef al., 1998; Ke et al., 2000; Zhou et
al., 2002).

Sl &)
~ OCH;
Podophyllotoxin Colchicine Noscapine

Fig. 19.1. Discovery of anticancer drugs from natural herbs. The foliages of these perennial
herbaceous plants, (A) Podophyllum peltatum (commonly known as mayapple) and (B)
Colchicum autumnale (known as meadow saffron), produce the potent drugs
podophyllotoxin (D) and colchicine (E) respectively. Both drugs share some structural
commonalities such as heavily methoxy-substituted hydrophobic six-membered rings along
with some dispersed hydrophilic moieties. (C) Papaver somniferum (the poppy plant)
produces the alkaloid noscapine (F) which shares these chemical features. Plant
photographs adapted from Wikipedia.

Noscapine: Mechanism of Action

Noscapine binds tubulin dimer with a 1:1 stoichiometry (Ye et al., 1998) and alters the
auto-fluorescence and circular dichroism spectrum of tubulin suggesting an alteration of the
secondary structure of tubulin upon binding and arrests the mammalian cells at mitosis (Ye
et al., 1998) (Fig. 19.2). Presence of noscapine does not significantly promote or inhibit
MT polymerization in vitro. The electron micrographs of the MTs polymerized in vitro, in
the presence of noscapine were individual polymers, slightly wavy in appearance, but
otherwise similar in lengths as in the absence of the drug (Ye et al., 1998). Instead,
noscapine alters the steady state dynamics of MT assembly, primarily by increasing the
amount of time that MTs spend in an attenuated (pause) state. Therefore, the bulk
biochemistry fell short of explaining the observed mitotic arrest.

During the onset of mitosis, tubulin subunits assemble and disassemble vigorously to
make the attachment between kinetochores of chromosomes and the plus ends of MTs, a
highly dynamic process (Mitchison et al., 1986). Physical tension is generated across
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kinetochore pairs following attachment to kinetochores and is probably regulated by the
combined action of MT dynamics and MT motors within the vicinity of kinetochores (Joshi
et al., 1992; Cassimeris et al., 1994; Nicklas, 1997). The careful real time observation of
individual polymerizing MTs in vitro and tracking the plus end growth over time revealed
that noscapine affected MT-dynamics primarily by increasing the amount of time MTs
spent in an attenuated pause state rather than engaging into active depolymerization and
repolymerization. As a result, noscapine treatment reduced the tension generated across the
kinetochore pairs as well as reduced the number of MTs attached to each pair of
kinetochores (Zhou et al., 2002). During mitosis, spindle assembly checkpoint (SAC)
prevents the onset of anaphase until all chromosomes are correctly attached with MTs and
proper tension is applied to the chromosomes (Nicklas, 1997). Owing to its effect on MT
dynamics, noscapine reduces tension as well as the number of MTs attached to each pair of
kinetochore. It therefore fails to deactivate the spindle assembly checkpoint, and the active
checkpoint is responsible for the sustained mitotic arrest (Landen et al., 2002; Zhou et al.,
2002).

MT arrays (green) and chromosomes (red) of cells either treated with 25 x 10° M
noscapine dissolved in DMSO (C) and control cells treated with the vehicle solution
DMSO alone (D). The control mitotic cells show classical biconical image with MT arrays
emanating from two duplicated centrosomes that have moved farthest apart from each other
on opposite sides of the centrally aligned chromosomal metaphase plate of the spindle (D).
In contrast, the noscapine treated cells arrest with subsets of chromosomes that remain
scattered within the otherwise intact looking biconical MT spindle (C). Data are partially
adapted from Ye et al., 1998 and Zhou ef al., 2003.

Noscapine: Effect on Healthy and Cancerous Cells

Generally, the spindle assembly and cell cycle checkpoints are robust in healthy cells and
can sense even minor perturbations of MT dynamics. Many cancer cells, however, have
debilitated mitotic checkpoints perhaps due to mutations either directly in the checkpoint
genes or indirectly via signal transduction pathways (Stewart et al., 1999). Noscapine
treatment leaves the mitotic checkpoint activated and hence arrests mitosis in healthy cells.
However, slow MT dynamics in checkpoint-compromised cancer cells fails to arrest them
for a long time in mitosis but rather let cells ‘slip’ into the next G1 phase either with two
diploid nuclei, one intact tetraploid nucleus, or one or two major nucleoids surrounded by
multiple small micronuclei. Such cells with abnormal ploidy have a further propensity to
undergo massive poly- or anecuploidy leading to the activation of apoptotic pathways and
death (Fig. 19.3) (Landen ef al., 2002).

Because noscapine only affects MT dynamics cellular functions that do not require
exquisite control of MT dynamics may not be interrupted. Of particular interest here is the
relentless axonal transport required for the proper maintenance of synaptic structures of
long peripheral nerves, which is subject to disruption by current anti-MT drugs. Noscapine,
therefore has no detectable neurotoxic effect on the histologies of peripheral nerves
(Landen et al., 2004). Of particular interest in noscapine therapy is that its levels rise only
transiently in plasma (Tiveron et al., 1993), therefore it is conceivable that normal cells
resume cell division after the noscapine concentration decreases below the threshold level
in a few hours.
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Fig. 19.2. Noscapine binds tubulin and arrests dividing cells in prometaphase with
morphologically normal looking mitotic spindles, as would be expected from perturbed-MT
dynamics. (A) A concentration dependent but saturable quenching of noscapine dependent
fluorescence quenching of tubulin by noscapine. (B) Scatchard plot analysis of quenching
data shown in A. These analyses reveal an apparent dissociation constant (Ky) of 1.86
0.34x10°Manda stoichiometry of 0.95 + 0.02 noscapine molecule per complex of tubulin

subunit. (Inset) Saturation of noscapine-induced quenching in tubulin fluorescence intensity
(Ye et al., 1998).

Apoptotic cell death with typical features such as DNA fragmentation, upon noscapine
treatment, is preceded by activation of c-Jun NH2-terminal kinases (JNK) (Zhou et al.,
2002). JNK is known to play an important role in coordinating the cellular response to
stress by phosphorylating the transcription factors c-Jun and p53 (Buschmann ez al., 2001).
Aneja et al. showed that noscapine activates growth arrest and apoptosis primarily via a
pS53-dependent pathway that necessarily involves the function of p21 (Aneja ef al., 2007b).

MTs are also important for the integrity of many cellular organelles including
mitochondria. Long snake-like morphologies of mitochondria are disrupted by MT
depolymerizing drugs. MTs are required for the proper translocation and deployment of
mitochondria. Apoptosis induced by noscapinoids is preceded by depolymerization of
mitochondria, and this might partially be responsible for apoptosis in noscapinoid treated
cells (Aneja et al., 2008). Apoptotic signals are precariously balanced within the cellular
milieu by the appropriate ratios of proapoptotic and antiapoptotic proteins and their
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phosphorylation states. Noscapinoids perturb the level and phosphorylation state of these
proteins to tip the balance in favour of apoptosis during noscapinoid treatment (Aneja ef al.,

2008).

Taken together, our work published so far suggests that besides mitotic failure, many
other factors might contribute to varying extents in bringing about apoptosis in noscapine
treated cancer cells. These mechanisms may range from genetic stress, cellular homeostasis
stress and mitochondrial stress. Whatever the precise contributing mechanistic factors that
come into play, it is undeniable that noscapinoids do induce apoptosis in a variety of cancer

cells.
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Fig. 19.3. Mechanistic explanations of the cell division cycle responses of normal and

cancer cells to noscapine and derivatives.

1. At the onset of mitosis, normal interphase cells (drug untreated) enclose pairs of
attached duplicated sister-chromatids within the nucleus, while the nuclear envelope
begins to disassemble exposing for the first time, chromosomes in the cytoplasm. At
this stage a specialized proteinaceous complex over the centromeric DNA, called the
kinetochore, emits a ‘wait Anaphase’ signal to the cellular surveillance mechanism
(called spindle assembly checkpoint (SAC) or Mitotic Checkpoint) that holds the sister
kinetochore-glue together, thus inhibiting the onset of subsequent premature anaphase.
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As the radial MT interphase arrays disassemble from the duplicated centrosomes, each
centrosome begins to organize a much more dynamic MT aster, which slide apart
against each other to occupy opposite territories within the cell. In the meanwhile, the
dynamic MTs quickly assemble-disassemble-assemble, searching the entire
intracellular milieu relentlessly. If however, a growing MT encounters a chromosomal
kinetochore, it captures the growing plus end of MT and orients kinetochore of one
sister chromatid to one spindle pole (centrosome) thus positioning the other attached
sister kinetochore for a better opportunity to grab the growing MT from the opposite
centrosome (spindle pole). In this manner a metaphase plate gets assembled that has the
entire individual sister chromatid pairs attached to opposite poles of the spindle and
perhaps the proper tension is generated across the kinetochores. Thus, robust mitotic
checkpoint of normal cells can hold cells in prometaphase until the last one of the sister
chromatid pair gets a bi-oriented state (called metaphase), at which point the ‘wait
anaphase’ checkpoint signal is switched off and the glue between the sister chromatids
dissolves and sisters are driven apart to their cognate opposite poles (anaphase). Once at
their respective poles, a nuclear envelope forms around the each diploid (2n)
chromosomal cluster, producing the two daughter nuclei which are destined to produce
the nuclei of the daughter G1 cells after mitotic exit and cytokinesis. Under usual
circumstances, this all goes very smoothly and happens rather quickly without straining
the checkpoint too much.

When cells are treated with noscapine, their dynamics are slow due to the prolonged

pause or attenuated state in their transition from the growing to the shortening phases.

Thus the strong cellular mitotic checkpoints are strained for long periods of time in

prometaphase to hold the progression of anaphase (in the absence of metaphase).

Fortunately, mammalian somatic cells have very strong checkpoints, primarily because

they are constructed from large networks of healthy key proteins and can do the job of

arresting cells for up to 20 h. If noscapine is removed after 12 h, arrested cells quickly
restore the proper metaphase and undergo anaphase on schedule.

Most of the cancer cells have mutational lesions either in checkpoint genes or other

signalling pathway components that impinge upon them, hence their checkpoints are not

very strong. Hence, when a cancer cell is treated with noscapine it cannot hold the cells
in prometaphase for a long time (although a brief arrest of a varying duration always
exists), and the cells then follow one of the following fates:

(i) They go straight from mitosis to cell death, a process called mitotic catastrophe.

(i1) They slip out into a G1 like phase with a nucleus twice as big and contain twice as
many chromosomes (tetraploid/4n) in a process sometimes referred to as
adaptation. Such cells can rest for long time, mitotically maintained for some time
or die depending upon their next cell cycle checkpoint status (G1/S). In many
cases, however, instead of forming one big nucleus, diploid or polyploid cells can
also form heterogeneous micronuclei around a predominant aneuploid nucleus.

(iii) Cells can undergo anaphase and bypass the cytokinesis producing bi-nucleate cells
which also follow the same fate as in (ii).

(iv) A subpopulation of cells dies straight from the interphase prior to attempting
mitosis. This is a curious phenomenon and we believe that the dynamic nature of
MTs is required for cellular homeostasis and the integrity of cellular organelles
including mitochondria, since the health of cellular mitochondria is directly linked
to internally triggered apoptosis (cell death) and might contribute to this type of
death. Additionally, the cellular stress kinase systems (e.g. jun N-terminal kinases
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etc.) do also play a role. More studies are needed to clarify the relative
contributions and additional mechanisms.

Noscapine: Non-Toxic Profile in Animals

Noscapine has been shown to inhibit growth of murine and human tumours implanted in
mice by inducing apoptosis (Ye et al., 1998). In vitro as well as mouse xenograft models
have shown that noscapine and its analogues are useful in treatment of tumour cells derived
from a variety of cancers, including cancer of colon, non-small cell lung cancer, brain
cancer, ovarian cancer, kidney cancer, prostate cancer, leukaemia, breast cancer and
bladder cancer (Ye et al., 1998; Ke et al., 2000; Zhou ef al., 2003). Noscapine is a non-
narcotic derivative of opium that lacks analgesic, sedative and respiratory-depressant
properties and it does not produce euphoria or dependence (Martindale, 1977). Most of the
MT binding agents such as taxanes and vinca alkaloids are associated with toxicities and
adverse side-effects. For example, paclitaxel is associated with toxicities including
neurotoxicity (Lipton ef al, 1989), -cardiotoxicity (Rowinsky et al, 1990),
myelosuppression (Wiernik et al., 1987), hypersensitivity reactions (Guchelaar et al.,
1994), alopecia (Donehower et al., 1987) and gastrointestinal toxicity (Hruban ef al., 1989).
In contrast to these MT binding drugs, noscapine is very effective in treatment of a variety
of tumours such as murine lymphoma, melanoma, and human breast xenografts. Organ
systems such as kidney, heart, liver, bone marrow, spleen, or small intestine in nude mice
showed no signs of alterations in their histological profiles, indicative of non-toxicity.
Thus, these results suggest that damage to cell cycle is specific to the cancer cell types,
while the normal cells arrest till the drug is cleared (Ke ef al., 2000). Some toxicity has
been reported in experimental animals and in human but only at much higher doses of
noscapine (Lasagna ef al., 1961; Iddnpaan-Heikkild, 1968). Also it has been shown that
noscapine does not inhibit primary humoral or cell-mediated immune responses in mice
(Ye et al., 1998; Ke et al., 2000). Therefore, noscapine is a promising anticancer drug with
minimum toxicity and side effects.

Noscapine and Drug Resistant Cancer Cells

Like in the case of other chemotherapeutics, MT binding drugs such as vinca alkaloids and
taxanes also face the challenge of drug resistance. Published data suggest that noscapine
treatment may score a few points of victory over this problem. There are potentially three
basic mechanisms by which cancer cells acquire resistance toward MT drugs. First, the
amplification of multi-drug resistance (MDR) protein that enhances efflux of drugs and
thus prevents the accumulation of drugs within cells (Krishna and Mayer, 2000). This MDR
protein is a transmembrane pump (P-glycoprotein) and can expel hydrophobic drugs from
the cell which is a major cause of chemoresistance to a variety of anti-MT agents
(Giannakakou et al., 1997, 2000). Second, mutations might also develop in the genes
encoding o~ and B-tubulin subunits and thus prevent binding of drugs (Giannakakou et al.,
2000). Third, both o~ and B-tubulins are expressed as multiple isotypes in varying ratios in
different mammalian tissues (Joshi and Cleveland, 1990) and there have been suggestions
that differential expression of diverse tubulin isotypes might ameliorate drug binding
efficiencies (Luduefia, 1998). Because of this diversity, and the changes in the relative
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concentrations of various tubulin isotypes, resistance to MT-binding drugs might arise
(Kavallaris et al., 2001). Noscapinoids activate JNK, which in turn downregulates the
expression of p-glycoprotein drug pumps (Zhou et al., 2002, 2006). In addition,
noscapinoids seem to be poor substrates for p-glycoprotein. Indeed, noscapine is found to
be highly effective in inhibiting proliferation and inducing apoptosis in human ovarian
carcinoma cell lines that are sensitive or resistant to paclitaxel (Zhou et al., 2002).

Noscapine: Pharmacokinetic Profile

Pharmacokinetic evaluation is an important component of the preclinical drug development
process. These studies with noscapine showed that upon oral administration in mice, it gets
absorbed quickly in mice at all dose levels (75, 150, 300 mg/kg) with a ¢ ,,,x <2 h and is
distributed rapidly and widely. Noscapine shows a mean bioavailability of ~30-32% across
the same dose range (Aneja et al., 2007a). Noscapine, therefore, comes up as a well-
tolerated, non-toxic, orally bioavailable drug with desirable pharmacokinetic properties.

Oral administration of noscapine is associated not just with low cost and convenience
but also precludes chances of concerning hypersensitivity reactions encountered during
infusions of other currently available insoluble chemotherapeutic agents that utilize vehicle
agents with several undesirable characteristics. Since biologically inactive doses minimize
anti-tumour responses, the therapeutic efficacy of an anticancer drug is directly related to
its bioavailable dose. Thus, the oral bioavailability of noscapine offers further support for
its clinical advancement as a novel chemotherapeutic agent (Dahlstrom et al., 1982;
Haikala et al., 1986; Karlsson et al., 1990).

Blood-brain barrier remains a major problem for the chemotherapeutic management of
brain tumours. Patients diagnosed with glioblastoma have a median survival of 9-12
months despite surgical resection, radiation therapy, and/or chemotherapy (Kleihues et al.,
2002). The infiltrative nature of astrocytic tumour growth rarely allows complete surgical
resection, and more than 90% of tumours recur within 2 cm of primary tumour site. Post-
operative radiotherapy prolongs survival, but the prognosis is still less than 2 years.
Intrinsic chemoresistance and poor penetrance of drugs through the blood-brain barrier
makes the treatment of gliomas a challenging task (Hofer and Herrmann, 2001). Noscapine
can efficiently cross the blood brain barrier better than morphine does and can inhibit the
tumour growth of the intracranial rat C6 glioma after noscapine treatment in mice via oral
route (Landen et al., 2004). Noscapine showed greater than 78% inhibition of the growth of
intracranial glioma in immuno-compromised mice (Landen ef al., 2004). Also the doses of
noscapine that showed efficacy against brain tumours did not cause any overt pathological
changes in the peripheral nervous system. This makes noscapine a promising anticancer
agent that provides novel hope for the treatment of malignant gliomas having less than 20%
response rate to conventional therapies (Hofer and Herrmann, 2001) and for which existing
treatments are associated with debilitating toxic side effects (Cavaletti ef al., 1995).

Noscapine and Angiogenesis

It has now been widely appreciated that angiogenesis is a crucial factor in determining
tumour growth in vivo. Therefore, prevention of neo-vascularization has become a viable
strategy for chemoprevention and therapy for tumour growth. To elicit angiogenesis,
tumours generally secrete angiogenic factors such as vascular endothelial growth factor
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(VEGF) (Semenza, 2003). The transcriptional activation of these factors is under the
control of a prominent transcription factor, induced by the intra-tumoural hypoxic
conditions, called the hypoxia-inducible factor 1 (HIF-1). Therefore inhibition of HIF-1
plays a direct role in the prevention of angiogenesis. Many MT binding agents such as
paclitaxel, show anti-angiogenic properties due to their ability to target endothelial cell
proliferation, migration, tubular morphogenesis and processes required for new blood
vessel formation required for tumour growth (Sharma et al., 2001). Noscapine, being an
MT binding agent and sharing structure function relationship with HIF-1 pathway
inhibitors that belong to the benzyl-isoquiniline class of plant metabolites and/or to MT
binding agents such as NSC-134754 (Powis and Kirkpatrick, 2004), it became interesting to
look at the possible anti-angiogenic role of noscapine. Indeed, Newcomb et al. (2006)
report that noscapine inhibits HIF-10. expression, VEGF secretion and angiogenesis in vitro
in glioma cells. HIF-1 is a heterodimeric protein that consists of constitutively expressed
HIF-1a and HIF-1p subunits (Belotti ef al., 1996), the under-representation of the o subunit
results in the inhibition of angiogenesis (Belotti ef al., 1996; Chau et al., 2005). Newcomb
et al. also showed that noscapine inhibits endothelial tubule formation in HUVEC cells
(Newcomb et al., 2006). This study suggests that noscapine may possess novel anti-
angiogenic activity associated with two broad mechanisms of action; that is by decreasing
HIF-1a expression in hypoxic tumour cells and hence VEGF activation is blocked and
thereby inhibiting endothelial cells from forming blood vessels in response to VEGF
stimulation. These reports together suggest that in addition to cancer cell death by induction
of apoptotic mechanisms, noscapine limits the process of neo-vascularization, required for
tumour growth. The standardized anti-angiogenesis assays of several noscapine analogues
at the NCI now have promising results for some of them tested so far (unpublished data).

Noscapinoids (Noscapine and its Analogues) as Cancer Cell Cytotoxins

The crystal structure of both noscapine and its target molecule tubulin are known
(Seetharaman and Rajan, 1995; Lowe ef al., 2001). This information allowed the docking
studies of various in silico noscapine conformer states on to 3.5 A" tubulin coordinates.
Noscapine docks onto B-tubulin near the interface with its dimerization partner, o-tubulin
(Checchi et al., 2003). This study showed the presence of an empty space around position 9
of noscapine and that can accommodate small chemical moieties such as electronegative
halogen atom (e.g. Cl-, Br-). The study suggested that addition of chemical moiety in the
empty space might confer additional electrostatic interactions and hence enhanced
biological activity (Aneja et al., 2006a). This hypothesis was tested and confirmed with
various noscapine analogs described below.

EMOI11 is 9-bromo derivative of noscapine and is one of the well characterized
analogues so far. It is 10- to 20- fold more toxic to cancer cells than noscapine, and yet it
retains the non-toxic nature of noscapine to healthy tissues. It effectively inhibits
vinblastine-resistant as well as vinblastine-sensitive human T-cell lymphoid tumour
xenografts in nude mice, there by markedly increasing longevity. EMOI11 also inhibits
cellular proliferation of both hormone-insensitive and hormone sensitive, adriamycin- and
tamoxifen-resistant breast cancer phenotypes (Aneja et al., 2007¢). Encouraging preclinical
data and significant role in treatment of lymphomas and breast cancer (Jaiswal ef al., 2009)
makes EMOI11 a promising drug especially for the therapy of multi-drug resistant (MDR)
tumours. It is impressive that noscapine is active against a variety of cell types across the
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NCI panel of 60 human tumour libraries organized into sub panels representing leukaemia,
non-small cell lung, colon, CNS, melanoma, renal, ovarian, breast and prostate cancers. As
compared to noscapine, our rationally designed derivatives (EM001-EM-044) significantly
potentiate this anticancer activity (NCI DTP database). /n vivo tests of each of these cell
lines will be necessary to examine if the observed in vitro cytotoxic activity is mimicked in
animal models of tumour types represented. The mechanistic nature of the tumour
reduction in animal models does suggest that rampant apoptosis may be the primary cause
(Fig. 19.4).

Unlike vincas and taxanes, EMOI11 is orally available and is non-toxic to the
duodenum, liver, spleen, kidney, lung, heart, brain and sciatic nerve. Moreover, EMO11
does not alter the cell counts in blood or leave any signatures of haematologic pathologies
and is non-immunosuppressive in nature (Aneja et al., 2006c, 2007c, 2010).

A - B

r;,..‘

Fig. 19.4. Inhibition of tumour growth by noscapine treatment occurs via the induction of
tumour cell apoptosis. To determine if noscapine slows tumourogenesis in mice, we
engrafted 2 x 10° E.G7-OVA thymoma cells subcutaneously in female 8- to 12-week old
syngeneic (C57BL/6) mice. After 3 days, one group of the mice was fed intragastrally
(gavage) 0.2 ml of vehicle saline solution (pH 4.0, control), and another group received 0.2
ml of noscapine at 15 mg/ml saline pH 4.0 (120 mg/kg body weight). These treatments were
performed daily for 3 weeks. At this point, mice were sacrificed and photographed, and
tumours were removed and weighed. The tumours were then fixed in 4% formaldehyde,
dehydrated, and embedded in paraffin, and sections were cut and processed for histological
analysis and for TUNEL staining to detect DNA fragmentation in apoptotic cells. (A) shows
the photographs of sham treated control mice bearing large tumours and (B) noscapine
treated mice with reduced tumour burden. It is clear from these data that noscapine reduces
the tumour size quite dramatically (>75%) (Ye et al., 1998). Additionally, there was no
obvious weight loss or any other tissue toxicities detected after noscapine treatment.
Furthermore, the residual tumour tissue in the treatment group showed abundant apoptotic
cells as revealed by TUNEL stained brown cells in D, compared to rare TUNEL positive cells
in control tumour tissue (C).

EMO15 is another analog of noscapine. It is 9-chloro derivative of noscapine that shows
a 20-fold lower ICso and induces more potent apoptosis, compared with noscapine, in
human breast cancer cells. EMO1S5 significantly inhibits proliferation of breast cancer cells
that are resistant to a variety of anticancer drugs such as tamoxifen, vinblastine, teniposide,
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adriamycin and paclitaxel (Aneja et al., 2006a). It perturbs cell cycle of breast cancer cells
by inducing spindle abnormalities and apoptosis. In addition to its in vitro effect, EMO15
effectively inhibits the growth of human breast xenografts and significantly prolongs
survival (Aneja et al., 2006a). Like EMO11, this derivative of Noscapine also retains the
non-toxic and non-immunosuppressive profile of the parent drug. Therefore, EMO15
emerges as another promising drug for management of breast carcinomas (Aneja et al.,
2006a).

9-nitro-noscapine is a novel nitro analog of noscapine, which inhibits cell proliferation
of ovarian cancer cells that are sensitive or resistant to paclitaxel and human
lymphoblastoid cells that are sensitive or resistant to vinblastine and teniposide. It arrests
the cell cycle at G2/M phase and induces apoptosis (Aneja et al., 2006b).

Two brominated noscapine derivatives, 5-bromonoscapine (5-Br-nosc) and reduced 5-
bromonoscapine (Rd 5-Br-nosc) are potent MT interfering agents that arrest mitosis and
inhibit cell proliferation with much higher efficiency than noscapine. These noscapine
derivatives inhibit the proliferation of a series of human breast, cervical, colon, ovarian and
prostate cancer cells. Also, these analogs have been shown to inhibit the proliferation of
human ovarian cancer cells resistant to paclitaxel and epothilone (Zhou ef al., 2003).

Role of Noscapine: Besides Cancer

This chapter has so far been focused upon the discovery of noscapine and its analogs as a
unique class of anti-MT, anticancer drugs. As described earlier, the rational basis for this
discovery was structural themes that arose from deducing anti-MT drug structure from
naturally constructed small library of compounds from Merck Index. Noscapine, being used
as an antitussive drug for decades and moreover, its desirable pharmacokinetic and non-
toxic profile have been encouraging enough to be taken by human volunteers including
pregnant women without any significant signs of toxicities (with couple of subjects
reporting nausea). Currently, noscapine is an approved over the counter drug or by
prescription in the USA (Link: OTC Ingredient List Updated April 7, 2010).

The excitement in the therapeutic use of noscapine has begun with its unique inclusion
as a novel member of anti-MT drugs for cancer chemotherapy. Interphase cells depend
upon MTs for the organization of their intracellular organelles and dynamic remodelling
requirements of the chemotactic cellular motility. This function of MTs becomes especially
important for the sub-population of cells in the animal body that travel long distances in the
directed fashion such as the members of the professional phagocytes (macrophages) and
other immune cells, to the sites of infection. In fact, colchicine in less-toxic doses had been
already in clinical use for gout. Therefore, noscapine being a non-toxic drug, even at high
concentration, encouraged some investigators to look at its role in other situations with
ischaemia-induced inflammation. Mahmoudian et al. (2003) recently reported encouraging
results from clinical trials of noscapine as a treatment for stroke. Noscapine antagonizes the
effect of bradykinin (Mahmoudian and Mojaverian, 2001) and as expected this group found
that noscapine effectively reduces the mortality rate and improves the recovery of the
patients suffering from acute ischaemic stroke, without risk of haemorrhage (Mahmoudian
etal., 2003).

There are several proliferative non-cancerous conditions such as benign tumours and
cysts in various organs that are asymptomatic. However, some of these conditions such as
poly-cystic kidney and poly-cystic ovarian syndrome (PCOS) eventually do create serious
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health problems. New understanding of the mechanism of action of anti-MT drug
noscapine and its derivatives leads us to believe that noscapine can be effective in many
such diseases. In fact, recently noscapine has been shown to play an important role in
subsiding the ovarian cysts and restoring normal menstrual cycle and fertility in female rat
model of PCOS induced by anti-progesterone RU486 drug (Priyadarshani et al., 2005).

Clinical Progress

Since noscapinoids tested so far in our laboratory have proven to be safe non-toxic
anticancer drugs at concentrations higher then used as antitussive dose in animals, its
clinical journey has begun. Table 19.1 shows a time line of its progression so far.

Table 19.1. Journey of noscapine into the drug development pipeline from bench to clinic.

Date Event

1998 Discovery, CNN coverage, European news telecast

2000 First patent application filed

2002, 2004 Patent application approved (US patent # 6,376,516 and 6,673,814)
2004 Licensed to Cougar Biotechnology

2005 First patient accrued for Phase | trial

2007 Results of phase | trial disclosed to public

In 2004, noscapine was licensed by our university (Emory University, Atlanta, Georgia,
USA) to Cougar Biotechnology for clinical development. In 2007, results of phase I trial
were disclosed to the public. The trial was an open label dose escalating study where
cohorts of subjects with relapsed/refractory non-Hodgkin’s lymphoma (NHL) or chronic
lymphocytic leukaemia (CLL/SLL) were treated at one of three different dose levels
involving total daily doses of 1 g, 2 g and 3 g per day. At each dose level, noscapine was
administered orally on a three times a day schedule for 49 days. The interim results are very
encouraging showing that noscapine (CB3304) has been well tolerated, with no grade 3 or
4 haematological toxicities (though one grade III neurotoxicity consisting of depressed
level of consciousness was experienced at the 3 g dose level). A Phase I/II trial of
noscapine in patients with multiple myeloma is currently ongoing at the Center for
Lymphoma and Myeloma/Weill Cornell Medical College and Columbia University
Medical Center. In addition to this, Cougar is also conducting preclinical development of
analogues of noscapine (source: website of cougar biotechnology).

Following the publications of our pre-clinical results, in addition to this official trial,
noscapine is also in off-label use by a number of clinicians with patient consent. The cancer
patients, who have taken it on their own accord, were desperate due to their failure to
respond to standardized chemotherapeutics. These patients range from lymphomas, ovarian,
lung, breast, brain and prostate cancers. These experiences however cannot substitute for
results from double blind clinical trials which must follow phase I/II results.

Very interestingly, Prostate Cancer Research and Education Foundation (PCREF), in
San Diego, CA, USA, has been provided a special permission to use noscapine, based on
compassionate use clearance to treat patients with prostate cancer. Dr Israel Barken,
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founder and director of PCREF, has been very creative in order to be able to glean valuable
clinical information by opening ‘Smart Chart’ a web-based patient tracking graph system
(www.pcref.org), which allows data to be collected with ease. This will enable global
participation of patients in any trial. This work provides a source of anecdotal information
about the personal experiences with noscapine for determined patients who are taking
noscapine treatment on their own will, until the results pour into the public domain from
official phase II/111 trials.

Biotechnological Interventions: In vitro Production and Metabolic
Engineering

The discovery of noscapinoids has stimulated the biotechnological production of these
compounds in plant cell cultures. Yoshimatsu and Shimomura (2001) established three
clones of transformed cultures of opium poppy (Papaver somniferum L.) by infection with
Agrobacterium rhizogenes strain MAFF 03-01724. MAFF clone 1 was capable of forming
somatic embryos and was selected and its growth and isoquinoline alkaloid production was
investigated. Illumination, temperature and nutrient medium composition greatly affected
growth, cell morphology and alkaloid accumulation. The MAFF clone 1, cultured in root
culture medium, in the dark at 22°C accumulated a high quantity of sanguinarine (652 pg/g
dry weight) though the growth was poor (4.4 fold on fresh weight basis after 2 months of
culture). The MAFF clone 1 cultured in a quarter macro salt strength Woody Plant medium
under 14 h/day light at 22°C developed into plantlets and accumulated significant quantity
of codeine (648 pg /g dry wt) together with papaverine, noscapine and sanguinarine. This
clone was applied to a rotating drum fermenter (2 1 working volume), and ca. 0.3 mg
codeine and 0.06 mg sanguinarine were obtained after 4 weeks of culture. One quarter of
the codeine produced was found in the culture medium.

Oluk (2006) studied the capacity of alkaloid synthesis in embryogenic callus tissues of
Turkish opium poppy, Papaver somniferum L. cv. Office-95. The cultures were found to
produce noscapine at a level of 2.2 x 10°% FW (fresh weight), besides other related
compounds like codeine, morphine, papaverine and baine. In addition, efforts have been
made to unravel the biogenetic secondary metabolite pathways involved in the synthesis of
these and related compounds. The biochemical pathways for their synthesis are far from
being completely understood, although scientists have engaged an intense effort for the past
several years (Battersby and Hirst, 1965; Facchini and Bird 1998; Frick et al., 2007,
Liscombe and Facchini 2008). These efforts may certainly lead to the biotechnological
advances in metabolic engineering of these useful metabolites in greater quantities both in
homologous or in heterologous systems in coming years.

Future Perspectives

Despite the current cumbersome intravenous slow infusions, requiring multiple hospital
visits, uncomfortable side effects of the gastrointestinal and immune systems,
neutrocytopenia, and peripheral neuropathies, the first generation MT drugs, vincas,
taxanes, epothilones, have proven that MTs are valuable targets for anticancer therapy.
Noscapine and its promising derivatives now offer the prospect of a nicer, kinder, and
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gentler opium derived non-narcotic oral safe class of anticancer drugs that can be taken
orally at home. Noscapine has already begun its progress into the pipeline of clinical drug
development. New more effective and even targeted derivatives are under development in
our group, and we hope many more will follow suite. In addition, biotechnological
interventions are underway to obtain improved production of the compound and efforts are
on to metabolically engineer the biosynthetic pathways for enhancing yield.
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Chapter 20

Recent Developments in Biotechnology and
Chemistry of Podophyllum

Abha Chaudhary, Bikram Singh and Paramvir Singh Ahuja

Introduction

Plants have provided us with food, fuel and fibre since prehistoric times. They have been an
inexhaustible source of a diverse array of chemicals such as flavours, fragrances, natural
pigments, pesticides and pharmaceuticals. This seemingly unrelated collection of chemicals
can be grouped together under a broad category of plant secondary metabolites. In recent
years, the widely occurring natural product class of lignans has become of prominent
interest. Enriched in lignans, Podophyllum is the dried roots and rhizomes of species of
Podophyllum, which was described and its first modern botanical name was given by
Linnaeus in 1753, at that time he referred to two of his earlier works, in which he simply
called it ‘podophyllum’. The first serious chemical investigation was carried out by
Podwyssotzki in 1880. Two species of the genus Podophyllum (Podophyllaceae), P.
hexandrum Royle in India and Nepal and P. peltatum L. in the USA, are the commercially
most exploited sources of podophyllotoxin (Stahelin and Von Wartburg, 1991; Imbert,
1998; Arora et al., 2008). American Podophyllum contains 4-5% podophyllum resin,
whereas the Indian sps. contains 6—-12%. The variation in percentage of resin is attributed to
seasonal differences, different sites of growth and age of the plant. In certain areas as much
as 20% resin has also been recorded. The highest percentage of resin is obtained in May—
June during the flowering stage. Thus Indian Podophyllum when collected at the proper
season contains 2.5 times more resin compared to its American counterpart. Moreover, this
resin has double the amount of podophyllotoxin. The currently preferred source of
podophyllotoxin is the underground rhizomes and roots of the Indian Podophyllum species,
P. hexandrum (Bhadula et al., 1996; Nadeem et al., 2000). Podophyllotoxin (Fig. 20.1) is
commonly extracted from P. hexandrum in which the concentration of podophyllotoxin is
around 40% of resin. Other species include P. aurantiocaule, P. delavayi, P. pleianthum
and P. versipelle. Phenolic quinones, lignans, xanthones, coumarins and other classes exist
in considerable numbers. Common lignans present include podophyllotoxin, 4'-
demethylpodophyllotoxin, a-peltatin and B-peltatin (Bastos et al., 1996).
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Fig. 20.1. Podophyllotoxin (A), 4-demethylpodophyllotoxin (B), a-peltatin (C), B-peltatin (D)

Podophyllum peltatum Linn.

P. peltatum Linn. (Podophyllaceae) is a herbaceous perennial plant originating in North
America and distributed from the Hudson Bay to Florida. It is currently referred to as
American mandrake, may apple, because of its edible fruit, duck’s foot referring to the
shape of the leaves, or Devil’s apple, hog apple or wild lemon. Native Indians of the
American continent used an aqueous extract of the roots as a purgative, antihelmintic or
cathartic. At the same time, a traditional use of Podophyllum was reported to be against
snake bites. Podophyllum was used by American pioneers from Maine to Mississippi and
Louisiana, as an emetic and cholagogue. It was introduced into the first American
pharmacopoeia in 1820 and into the English pharmacopoeia in 1864. Native Americans
used the root as a strong laxative, to treat worms and for numerous other things. The root is
currently used in cancer medications and may have commercial potential as a cultivated
plant.

Podophyllum hexandrum Royle

P. hexandrum Royle syn. P. emodi (emodi meaning ‘of the Himalayas’) is closely related to
the American P. peltatum and found in the foothills of the Himalayas as well as in the rain
forests of Nepal and in Kashmir. P. emodi, like P. peltatum, has a deep rhizome which is
rich in resin. Another species also exists, namely P. shikkimensis which is smaller but also
contains podophyllotoxins as does P. peltatum, native to Taiwan. This has been studied and
shown to contain the same substances (podophyllotoxin, deoxypodophyllotoxin and the
corresponding 4'-demethylated derivatives).

The lignan derivatives are fairly widespread in the plant world and are not specific to
the Podophyllaceae family. Podophyllotoxin and other lignans have been isolated from
other plants e.g. deoxypodophyllotoxin from Thujopsis dolabrata (L. fil) which belongs to
the Cupressaceae family or 4'-demethylpodophyllotoxin, podophyllotoxin and peltatins
from Linum album which belongs to the Linaceae family. Podophyllotoxin is also found in
Polygalaceae spp. This is produced in relatively minute quantities by other plant species,
viz., Linum flavum, L. album and Juniperus chinensis. Podophyllotoxin is the major lignan
present in the resin and is a dimerized product of the intermediates of the phenylpropanoid
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pathway. The cytotoxic activity of podophyllotoxin is based on its ability to inhibit the
microtubule assembly during cell division. It is used as a starting material for the chemical
synthesis of anticancer drugs, etoposide (VP-16-213) and teniposide (VM-26), which have
fewer side effects (Canel et al., 2000). The Indian P. hexandrum is superior to its American
counterpart, P. peltatum, in terms of its higher podophyllotoxin content (4% in the dried
roots in comparison to only 0.25% for P. peltatum (Jackson and Dewick, 1984; Van Uden
et al., 1989; Arora et al., 2008).

Podophyllotoxin derivatives belong to the lignan series and are formed by the addition
of two cinnamic groups, thereby forming a 2,3-dibenzyl butane framework. On studying
the literature concerning podophyllotoxin and related lignans, at least three different
numbering systems have been observed in literature. These are shown in Fig 20.2. One of
the systems is essentially based on the systematic nomenclature of the [UPAC; it considers
naphthalene as the basic system and assigns numbers 9 and 10 to the positions that would
correspond to 8a and 4a, respectively. Another numbering system is based on the
biogenesis of lignans, where the two phenylpropane residues are numbered from 1 to 9 and

1" to 9 for assigning the unprimed locants.
1 :

81;

u||IO

Fig. 20.2. Numbering system for lignans.

The stereochemical convention used indicates that the alpha configuration is below
the plane of the molecule and the beta configuration above. The essential characteristics of
most podophyllotoxin species are: (i) almost planar tetracyclic group ABCD going from the
dioxole ring to the lactone ring; (ii) an aromatic ring E located at position 1 with a-
configuration and a bond which has a certain degree of free rotation; (iii) the four adjacent
asymmetrical centres; and (iv) special stereo chemical properties at C, which determine
whether a given class of compounds has an affinity for tubulin or not.

Developments in Chemical Aspects

The first literature report on the extraction of Podophyllum was that of King in 1844, who
called the resin podophyllin. He also described the effects of podophyllin administered to
one of his patients. On the basis of evidence about the traditional therapeutic uses of these
extracts, investigators were interested in discovering which of the chemical entities present
in podophyllin were responsible for its ‘anticancer’ activity. In pioneering studies on P.
peltatum published in 1881, Podwyssotzki managed to achieve the difficult crystallization
of the major component of the extract which he named ‘podophyllotoxin’. After alkali
treatment, he also succeeded in isolating picropodophyllin which he believed to be the
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active substance in Podophyllum but was subsequently shown to be inactive. He also
isolated podophyllinic acid and quercetin. The chemical analysis of P. emodi began with
investigations based on materials from the roots and it was shown that the components of
the two different Podophyllum species were the same. It was identified along with its
epimer picropodophyllotoxin. Various chemical investigations have shown that the resin
consisted mainly of podophyllotoxin, deoxypodophyllotoxin, 4'-demethylpodophyllotoxin
and a- and B-peltatins. The presence of quercetin, pigments and their glucoside derivatives
were also reported.

A microanalytical technique for determination of podophyllotoxin in P. hexandrum
roots was developed by Mishra ef al. (2005a) quantitatively through RP-HPLC and RP—
HPTLC. Podophyllotoxin in the extract ranged from 4.25 to 5.22% and 4.15 to 5.12% by
HPLC and HPTLC respectively. The podophyllotoxin content in resin was estimated as
4.91-5.57% and 4.90-5.58% by HPLC and HPTLC respectively.

A RP-HPTLC method was also developed for the quantification of podophyllotoxin
in P. hexandrum, collected from different locations of the western Himalaya of India,
ranging from 3250 to 4100 m above the mean sea level (Mishra et al., 2005b). Seven pairs
of diastereoisomers of podophyllum lignans at the C4 position, including three pairs of
spin-labelled compounds, have been separated within 20 min (Slaninaa and Glatz, 2004).

The topical application of podophyllin in Condyloma acuminatum produced very
satisfactory clinical results and podophyllin caused pronounced cytological changes in
normal human and rabbit skin. These reports initiated a renewed medicinal interest in
podophyllin from the standpoint of its antimitotic activity. Podophyllin is still the drug of
choice in the treatment of Condyloma acuminatum. The continued study of podophyllin
based upon its recognition as a cytotoxic agent and the growing knowledge of the nature
and biological properties of pure constituents involving a multitude of chemical and
biological investigations have been conducted over a period of more than a century. Initial
expectations regarding the clinical utility of podophyllotoxin were tempered largely due to
its unacceptable gastrointestinal toxicity. Using special procedures to inhibit enzymatic
degradation, these researchers indeed obtained the podophyllotoxin-B-D-glucopyranoside
as the main component and its 4'-demethyl derivative from the Indian Podophyllum species.
The research efforts were focused on to chemically modify podophyllotoxin, which
eventually led to the discovery of clinically important anticancer drugs ectoposide and
teniposide (Fig 20.3).

During the drug developmental stages, it began to become clear that etoposide
induced double stranded breaks by stabilizing a complex formed between topoisomerase 11
and DNA that is referred to as the cleavable complex. Topoisomerase Il was the most likely
cellular target in the double stranded breaking activity of epipodophyllotoxin like etoposide
and teniposide. The cytotoxicity of analogues of etoposide was associated with inhibiting
DNA topoisomerase II by stabilizing the covalent topo II- DNA cleavable complex.
Although etoposide is active in the treatment of many cancers and is widely used in the
therapy, it presents several limitations, such as moderate potency, poor water solubility,
development of drug resistance, metabolic inactivation, and toxic effects. Therefore in
order to obtain better therapeutic agents and extensive synthetic efforts have been devoted
to overcome these problems.

With increasing information about its structure—activity relationships, wide
investigations have generated exciting chemotherapeutic candidates and successful
applications of drug development from podophyllotoxin-related lead, such as etopophos,
NK-611, GL-331, azatoxin, TOP-53, tafluposide.
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Fig. 20.3. Chemical structures of podophyllotoxin derivatives.
Etopophos

The problem of the low solubility of etoposide was resolved by introducing a phosphate
group at position 4': this led to the selection of etopophos which was better suited for
intravenous administration. In fact, the highly soluble compound was shown to be a
prodrug for etoposide itself. The phosphate group rapidly hydrolyzed by phosphatases
contained in the plasma, thereby generating etoposide in the circulatory system (Schacter et
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al., 1994; Budman, 1996). This prodrug was developed and many of the side effects of
other, more or less toxic analogues of etoposide were eliminated.

NK-611

In NK-611, the alcohol group at position 2" of the ethylidene glucoside species is replaced
with a dimethylamino group. Introducing an amine both renders the new compound
soluble, because of the generation of its hydrochloride, and improves its bioavailability as a
result of the molecule-altered physicochemical properties. The antitumour activity of this
compound against human tumour xerograft seemed to be promising and was shown to be
similar to that of etoposide; however it proved to be a more potent topoisomersae II
inhibitor and was more cytotoxic against a variety of human cancer lines including lung,
gastrointestinal, ovarian, testicular, breast, head and neck tumour cells and leukaemia.

GL-331

GL-331 exhibits cytotoxicity, topoisomerase II inhibitory activity and potency against
tumours. This new epipodophyllotoxin derivative doesn’t have the glucoside group which
was believed to be necessary for activity, but rather had a p-nitroanilino group present at 4-
B position. Structural studies at this position involving replacement with aniline or an amine
(Lee et al., 1989, 1990) showed that compounds containing an aniline group at 4-§ position
had a higher level of inhibitory activity for human topoisomerase II. Various structural
modifications made at this position showed that there was no correlation between human
topoisomerase and DNA breaking associated with the protein. GL-331 showed topo II
inhibition and caused DNA double-strand breakage and G2 phase arrest, it could induce
cell death by stimulating protein tyrosine phosphatase activity and apoptotic DNA
formation. GL-331 was also shown to be active in many multidrug-resistant cancer cell
lines. It is known to show good stability, biocompatibility and its pharmacokinetic profiles
are similar to those of etoposide.

Azatoxin

Azatoxin only differs from podophyllotoxin with respect to: (i) replacement of the
benzodioxole group with an indole ring; (ii) the presence of a nitrogen atom at the
asymmetrical centre at C and (iii) the presence of a phenol at position 4', essential for the
anti-topoisomerase I1 activity. Molecular modelling had shown that only an indole ring at
that position gave a tight fit with podophyllotoxin. Nevertheless, the cleavage induced by
azatoxin differed from that induced by other topoisomerase II inhibitors like VP-16,
amsacrine or mitoxantrone. Although it was almost as potent as VP-16 in inhibiting
topoisomerase 11, it differed in the fact that it also inhibited the polymerization of tubulin at
low concentrations.
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TOP-53

Structural studies of podophyllotoxin analogues based on molecular modelling techniques
resulted in the rational design of a range of new chemical agents. It was almost as potent as
etoposide in inhibiting topoisomerase I1I. TOP-53 was then selected for evaluation from a
series of 4p-alkyl amino derivatives of 4'-O-demethyl-4-desoxypodophyllotoxin
synthesized. TOP-53 displayed twice the inhibitory activity of etoposide against
topoisomerase Il and exhibits in vivo superior antitumour activity than etoposide against
different types of cancer. In view of high activity and good properties, TOP-53 has been
progressed to phase II clinical trials (Terada ef al., 1993).

Tafluposide

More recently, 2",3"-bis pentafluorophenoxyacetyl-4',6'-ethylidene-p-D-glucoside of 4'-
phosphate-4'-demethylepipodophyllotoxin has been obtained. It is a novel catalytic
inhibitor of topoisomerase I and II and has shown outstanding antitumour activity in vivo
against a panel of experimental human tumour xenografts. Tafluposide showed significant
cytotoxicity against cells derived from either haematological or solid tumours, with a
marked inter-patient variation (Sargent ef al., 2003).

Extensive modifications have been done in the four rings (A, B, C, D) of
podophyllotoxin to assess the effects of different structural moieties. Diverse
norbornenecarboxylate esters of podophyllotoxin and its epimers and diasterecoisomers have
been prepared through Diels—Alder cycloaddition by treating the dienophilic acrylates of
cyclolignans with cyclopentadiene (Fig. 20.4).

Pharmacological Action

It has been shown that the mechanism of cytostatic action at the cellular level of
podophyllin was the same as that of colchicine, i.e. an inhibition of the formation of the
mitotic spindle, resulting in an arrest of the cell division process in metaphase and a
clumping of the chromosomes (c-mitosis). Later it was shown that, at the subcellular level,
this is due to binding of podophyllotoxin to tubulin, preventing these macromolecules to
form microtubules, which constitute the fibres of the mitotic spindle. In contrast to
podophyllotoxin, neither etoposide nor teniposide has any effect on tubulin assembly. It has
been reported that etoposide and teniposide are not inhibitors of microtubule due to the
presence of the bulky glucoside moiety, and suggested that they must be inhibiting cell
proliferation by some other mechanism. It was concluded that these drugs arrested cells in
either the late S or early G2 phase of the cell cycle and they detected single-stranded breaks
in DNA by the interaction of drug with DNA in HeLa cells. Further research indicated that
etoposide does not interact with DNA in vitro to cause cleavage but rather induces single
stranded breaks in DNA only in situ.
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Fig. 20.4. Structures of synthetic analogues of podophyllotoxin.

Apart from antitumour and antiviral activity, insecticidal and phytotoxic activities of
podphyllotoxin are also reported. Initially, it was hypothesized that podophyllotoxin exerts
its pharmacological effect by producing potent spasm in blood vessels with resultant
ischaemia, necrosis and sloughing. The anti-mitotic effects of podophyllotoxin are the
result of the drug’s ability to act as an inhibitor of microtubule assembly. Podophyllotoxin
also appears to attach to cell proteins and acts by increasing the incorporation of amino
acids into proteins, inhibition of purine synthesis and inhibition of purine incorporation into
RNA. It has also been found to have a direct effect on mitochondria by reducing the activity
of cytochrome oxidase and succinoxidase. The mode of their antiviral activity is by tubulin
binding, reverse transcriptase inhibition, integrase inhibition and topoisomerase inhibition.
Podophyllotoxin is most notable among the tubulin binding lignans. By binding to tubulin,
these are able to disrupt the cellular cytoskeleton and interfere with some critical viral
processes.

Biosynthesis of Podophyllotoxin and Analogue Compounds

The full biosynthetic route of cyclolignans has not been elucidated yet, but several studies
in different species of Forsythia, Linun and Podophyllum led to the proposition of a
pathway (Petersen and Alfermann, 2001). In the initial steps, coniferyl alcohol was
synthesized from phenylalanine (Fig. 20.5) by phenylpropanoid enzymes (Van Uden et al.,
1990). Instead of an alternative route to give the polymeric product lignin, lignans are
obtained by dimerization of coniferyl alcohol to yield pinoresinol (Davin et al., 1997).
After several steps, this compound is transformed into matairesinol and in multistep
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reaction the intermediate yatein yields deoxypodophyllotoxin (Bromhead et al., 1991; Xia
et al., 2001). Several feeding experiments were carried out in cell cultures to elucidate the
biosynthetic relationships among the natural cyclolignans (Van Uden et al., 1995). In
Linum flavum cell cultures, 6-methoxypodophyllotoxin was obtained as the major
cyclolignan and this compound was not obtained when the cell cultures were fed with
podophyllotoxin.  Otherwise, = 6-methoxypodophyllotoxin =~ was  obtained = when
deoxypodophyllotoxin or B-peltatin were added to the cell cultures. In P. emodi
podophyllotoxin and its B-D-glucoside were the cyclolignans obtained when the cell
cultures were fed with deoxypodophyllotoxin. The enzymes deoxypodophyllotoxin-7-
hydroxylase and deoxypodophyllotoxin-6-hydroxylase, both isolated from cell cultures of
Linum spp. (Petersen and Alfermann, 2001; Molog ef al., 2001), are the proteins that carry
out the hydroxylation on positions 7 or 6 of deoxypodophyllotoxin to give either
podophyllotoxin or B-peltatin, respectively.

Lignan OMe
OH
COOH CHZOH o .,
— _
NH, Lignans Hiveo—{ iy
R > \\“' o)
OMe
OH HO Pinoresinol
OMe

Phenyl alanine Coniferyl alcohol

OMe Lariciresinol

Yatein Deoxypodophyllotoxin

Fig. 20.5. Proposed biosynthesis of cyclolignans related to podophyllotoxin.
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Developments in the Biotechnological Aspects

Because of the limited supply of Podophyllum rhizomes, due to their intensive collection in
the wild, there is considerable interest in both defining and biotechnologically exploiting
the podophyllotoxin biosynthetic pathway, thereby making this compound more generally
available (Lewis and Davin, 1999).

Cell cultures have been used in the past for the production of natural products in vitro
as an alternative. The production of podophyllotoxin from callus cultures has been reported
for P. peltatum (Kadkade, 1981, 1982). It is very difficult to establish callus cultures in P.
hexandrum. Van Uden et al. (1989) reported initiation of cell cultures from the roots of P.
hexandrum and production of podophyllotoxin in undifferentiated callus and cell
suspension cultures. It has also been reported that coniferin was a substrate for
podophyllotoxin production (Van Uden ef al., 1990). Van Uden et al. (1989) tested
hundreds of basal medium, hormone combinations and concentrations and found B35
medium supplemented with 2% coconut milk, 4% sucrose, 4 mg/l naphthalene acetic acid
to be the best. The cell suspension cultures of P. hexandrum do not appear to secrete
podophyllotoxin in the culture medium as the amount of podophyllotoxin in the medium
was reported to be negligible. Culture conditions and other complex factors are involved in
the biosynthesis of podophyllotoxin. Woerdenbag et al. (1990) reported increased
podophyllotoxin content in P. hexandrum cell cultures after feeding coniferyl alcohol
complexed with B-cyclodextrin. Cells cultured in media containing 4 mg ' NAA
accumulated 0.001-0.002% podophyllotoxin on dry weight basis. A new route for
secondary metabolite production is the use of natural vector system.

Genetically transformed hairy roots produced by infection of plants with
Agrobacterium rhizogenes, a gram-negative soil bacterium, appear to be a promising tool
for secondary metabolite production. A variety of fungal products can elicit inducible
defensive plant responses in both host and nonhost plants and that such responses can also
be triggered by plant products released during cell-wall degradation. Physical damage to the
leaves of P. hexandrum resulted in the accumulation of podophyllotoxin glucosides and
aglucone at the wound site (Oliva et al., 2002).

Since podophyllotoxin has been recognized as a starting compound for the chemical
synthesis of etoposide (VP-16-213) and teniposide (VM-26), its ever increasing demand
has led to the investigations on the biotechnological production of podophyllotoxin
(Petersen and Alfermann, 2001; Puri ef al., 2006). Submerged cultivation of P. hexandrum
cells for podophyllotoxin production was studied in a 31 stirred tank bioreactor fitted with a
low-shear Setric impeller (Chattopadhyay ef al., 2002). Batch cultivation of P. hexandrum
was conducted in a 31 stirred-tank bioreactor using statistically optimized process
parameters. The plants exhibit delayed emergence of functional leaves or hypocotyl
dormancy. On GA; treatment the functional leaves (Khushwaha et al., 2007) were found to
emerge at a favourable temperature of 25°C in a higher percentage of seedlings and in a
shorter time. Functional leaves emerged even at 10°C, a temperature when hypocotyl
dormancy generally prevails. For further growth and development in all the seedling parts
there is a considerable increase in the biochemical parameters related to carbon and
nitrogen metabolism, respiration and total dehydrogenase activity also indicated an
enhancement of metabolic processes as influenced by GA;.

Puri et al., (2006) isolated an endophytic fungus Trametes hirsuta, which has been
shown to synthesize podophyllotoxin and other aryltetralin compounds in vitro. Culture
conditions for growth and productivity were also standardized by these workers. The
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availability of a biotechnological route for production of aryltetralin lignans is a step
forward in the direction of gaining independence from the endangered plant species.

Kharkwal et al. (2002) have developed a method for inducing improved seed
germination in a high altitude P. hexandrum species through hot water treatment at 40—
100°C for 30-120 seconds. Plants of P. hexandrum, collected from lower, mid, and upper
distribution limits in alpine Himalaya were studied under greenhouse conditions to evaluate
the photosynthetic response (Vats and Kumar, 2006). The maximum net photosynthetic
rates (Py) and stomatal conductance (g;) were measured in the considered population
during the 3—6th week of development.

Etoposide is derived chemically from podophyllotoxin by two step conversion. It has
been demonstrated that a cell line of P. peltatum active in the biosynthesis of
podophyllotoxin was able to maintain repeated biotransformation by oxidative coupling of
the butanolide to the podophyllotoxin analogue. It has been carried out in a bioreactor for a
total of more than 15 cycles each of 24 h duration giving a yield of around 50%. This result
indicates the feasibility of a biotransformation route to podophyllotoxin using a chemically
synthesized precursor (Franssen and Walton, 1999).

Conclusion

Lignans are believed to act as defense compounds in the producing plants. For mankind, the
lignans play a role as health-promoting agents in dietary plants on the one hand and in
cancer treatment on the other. Although P. hexandrum has been considered a rare and
threatened species, large scale removal (generally during the middle of growing season and
well before seed set in the wild) of its underground parts still continues at rates well over
natural regeneration. Therefore, special attention needs to be given for its propagation and
conservation. It must be emphasized that greater awareness needs to be created and the
local inhabitants should be motivated to cultivate medicinal plants as alternative (high
value) crops, including trials at lower altitudes.
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Chapter 21

Plant-expressed Griffithsin: A Protein with
Potent Broad Spectrum Inhibitory Effects
against Enveloped Viruses

J. Calvin Kouokam and Kenneth E. Palmer

Introduction

Entry of enveloped viruses is the first event of the several steps that are critical for the
infection of their human host. The mechanisms surrounding the viral entry have been
studied for many families and genera of enveloped viruses. Although viral entry might
slightly differ from one group of viruses to another, this step is usually mediated by
envelope glycoproteins which span the viral membrane bilayer and project from the virion
surfaces as spikes. Envelope glycoproteins are essential for two principal tasks including
binding of virions to the host cell surface (attachment) and mediation of membrane fusion
(Marsh, 1984). The envelope proteins are targets for infection-neutralizing antibodies;
some viruses have evolved immune evasion strategies that involve masking critical
domains of the viral envelope with a shield of N-linked glycans (NLG), and targeting the
glycan shield has recently been proposed as an antiviral strategy relevant to several
important human pathogens such as HIV-1, hepatitis C virus and influenza (Balzarini,
2007).

In general, antiviral drugs target specific steps in the viral life cycle. Many antiviral
drugs are nucleoside analogues that interfere with viral nucleic acid metabolism, for
example Ribovirin (active against HCV and several other viruses) and the antiretroviral
reverse transcriptase inhibitor Zidovudine (ZDV). However, despite the recent advances in
understanding of viral cycles as well as the development of new antiviral therapies and
other preventive methods, enveloped viruses continue to pose a serious health threat. HIV
continues to spread worldwide with about 15,000 new infections every day, Hepatitis C
virus is becoming a serious clinical challenge in many countries and seasonal and pandemic
influenza remains a major public health problem. Some of the limitations of existing
antiviral drugs include the resistance displayed by some viruses towards them which has
led drug designers to opt for complementary combinations with high manufacturing costs,
which makes delivery in resource-poor areas (where the disease burden is often highest)
unfeasible. In order to better combat viral diseases, new, more efficient, inexpensive, broad
spectrum antiviral drugs are needed. Carbohydrate-binding products like lectin proteins
©CAB International 2010. Medicinal Plant Biotechnology 334
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have the ability to tightly and specifically bind to NLG that are present on the surface of
enveloped viruses. Since these glycoproteins often act as ligands that target receptors on
the host cell surface, lectins could inhibit initial viral entry events and therefore act as
prophylactics to block initial infection or as therapeutics in preventing disease progression.
Griffithsin (GRFT) is a relatively newly discovered lectin that was identified and purified
using an anti-HIV bioassay guided fractionation from an aqueous extract of the red alga
Griffithsia sp. collected from the waters off New Zealand (Mori ef al., 2005). Of note, the
discovery of GRFT supports the superiority of bioactivity guided fractionation of natural
products over the isolation of individual substances or fractions followed by screening for
active substances. In fact in the case of the marine alga Griffithsia sp., although there were
many studies done on this plant, no report had been published on its antiviral activity,
probably because the organic fractions and/or compounds were the exclusive targets (Mori
et al., 2005). GRFT belongs to the jacalin related lectin family and has’ been shown to
display potent inhibitory effect against enveloped viruses, including HIV and SARS (Mori
et al., 2005; Ziolkowska et al., 2006, 2007a; O’Keefe et al., 2009;). Therefore, GRFT is
considered a candidate vaginal microbicide for prevention of HIV transmission; it may also
have application in the context of prevention and treatment of acute and chronic infections
with viruses bearing dense clusters of high mannose NLG such as SARS CoV, influenza
and hepatitis C, amongst others. Further studies are underway in our laboratory and others
in order to completely define pharmacological and toxicological properties of this lectin
which could become an effective weapon against many enveloped viruses including HIV.
In this review, we will discuss the GRFT structure and sugar binding properties as well as
described antiviral activities of this lectin and the suggested mechanisms of antiviral
activity. For use as a vaginal microbicide product in particular, a low cost source of bulk
griffithsin product is needed, and we discuss our recent efforts to use the economies of
scale of agriculture to produce this lectin derived from a marine alga in land plants.

GRFT Structure and Binding Properties

A thorough characterization of the molecular structure and mode of action of any drug
candidate is an important prerequisite for clinical development. The structure and function
of griffithsin has been reported in several recent publications (Mori et al., 2005;
Ziolkowska et al., 2006, 2007a,b; Emau et al., 2007; O’Keefe et al., 2009). Preliminary
studies of the anti-HIV active fraction of an aqueous extract of the red alga Griffithsia by
Mori et al. (2005) suggested the active component to be a protein that binds the viral
envelope glycoprotein gpl20; further purification was done utilizing ammonium sulfate
precipitation and various chromatography techniques. Peptide sequencing of the purified
GRFT polypeptide after cleavage with cyanogen bromide (CNBr) showed a 121 amino
acid protein with no significant homology with any known protein. Amino acid residue 31
did not match any of the 20 standard amino acids, and was substituted with alanine in
synthetic cDNAs used to express recombinant GRFT in E. coli ( Mori et al., 2005;
Giomarelli et al., 2006;) and plants (Ziolkowska et al., 2006; O’Keefe et al., 2009).
Another remarkable feature in GRFT primary structure is the presence of three separate
glycine rich regions (GGSGG) found at positions 9-12, 40—44 and 86-90, respectively.
SDS-PAGE and ESI-MS studies of the purified lectin determined a molecular mass of
around 13 kDa. Further structural studies using antibodies raised against GRFT suggested a
possible existence of a dimeric form of this protein (Mori et al., 2005). GRFT protein
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sequence similarities search did not show any significant homologies of greater than eight
continuous amino acids and no known protein was more than 30% similar in the amino
acid composition. These findings confirmed GRFT as a unique protein but gave no
indication of what its secondary or tertiary structures could be. In 2006, GRFT became the
first recombinant protein derived from a plant to undergo detailed structural studies
(Ziolkowska et al., 2006). It is currently proposed that GRFT belongs to the family of
jacalin related lectins (JRL), a group of proteins that is widespread in the plant kingdom
which form a B-prism fold I structure consisting of three repeats of an antiparallel four-
stranded P sheet that form a triangular prism (see Ziolkowska et al., 2006 and public
protein structure databases for graphic depictions of GRFT structure). Jacalin is the
prototype of this diverse group of lectins and is derived from seeds of Artocarpus
integrifolia (jack fruit). While the structure of each GRFT monomer is similar to that of the
JRLs, its dimeric structure is unique (Ziolkowska et al., 2006). Advanced structural studies
revealed that GRFT forms an intimate dimer in which the first two f strands of one
monomer are associated with ten strands of the other chain. This unique feature has led to
describe GRFT as a domain swapped dimer and it has been suggested that the GRFT
minimum biological unit is the dimeric form of this lectin, since domain swapping
enhances the inter subunit interaction (Chandra, 2006; Ziolkowska et al., 2006). Indeed,
whether the monomeric form of GRFT actually exists is still an unanswered question
(Ziolkowska et al., 2006). It has been shown that GRFT dimer displays six principal
mannose binding sites, where each monomer bears a group of three (Manl, Man2 and
Man3 for the first GRFT monomer and Man4, Man5 and Man6 for the second) and that the
interactions between the three mannose molecules with the first monomer were virtually
identical to those of the other mannose ligands of the other subunit (Ziolkowska et al.,
2006). The binding site of Manl (homologous to Man4) corresponds to a common
carbohydrate binding site found in all the jacalin related family of lectins. Asp109, Tyr110
and Aspl12 are actively involved in the sugar binding. However, in the case of GRFT, this
site includes amino acids from both monomers due to domain swapping. Site 2 (Man2 and
Man5, respectively) has been found so far only in banana lectin which belongs to the same
family. Here the hydrogen bonds are established between the mannose molecule and the
amides of Ser27, Tyr28 and Gly44. The third site (Man3 and Man6, respectively) is unique
to GRFT since Asp70, with which these mannose molecules seal their primary interaction,
is not found in any other B prism-I lectin. Amino acids 67, 68 and 90 are involved in the
formation of hydrogen bonds (Ziolkowska et al., 2006). In the case of GRFT, the three
carbohydrate binding sites form an almost perfect equilateral triangle on the edge of the
lectin, a phenomenon never observed for the JRLs, although seen in lectins with B-prism-II
fold (Ziolkowska et al., 2006). A careful observation revealed that all three carbohydrate
binding sites have some common features in their sequences. A GGSGG segment where
the main chain amides of C-terminal Gly residues (Gly12, 44 and 90 to site 1, 2 and 3,
respectively) provides the final interactions with the saccharides. In addition, a tyrosine
precedes the aspartic acid by two positions, and a glycine by four in these conserved
sequences (Mori et al., 2005; Ziolkowska et al., 2006). In further work, Ziolkowska and
collaborators studied the crystallization of GRFT using different disaccharides including
three forms of mannobiose and maltose (Ziolkowska et al., 2007a): addition of 1—2a-
mannobiose and 1—3o-mannobiose lead to precipitation of the GRFT solution and co-
crystallization with 1—60-mannobiose as well as maltose was successful. In addition,
many techniques were used to show that mannose and 1—6a-mannobiose binding
constants to GRFT were in the same range (binding constants of 102 and 83.3 for mannose
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and mannobiose, respectively). Maltose showed a fourfold lower affinity to the lectin in
comparison with the latter sugars although the interactions at the first sugar unit of 1 —6a-
mannobiose or maltose were very similar to interactions present in the complex with
mannose (Ziolkowska et al., 2007a). Previous data indicated that 100 mM of mannose,
glucose and N-acetylglucosamine prevented GRFT binding to gp120, which was not the
case for some other saccharides tested including fucose, xylose, galactose, N-
acetylgalactose, and the a-acid glycoprotein (Mori et al., 2005). In a recent publication, it
was shown that all six monosaccharide-binding sites of GRFT were occupied in the
complexes formed by GRFT and glucose or N-acetylglucosamine and that the
conformation of the sugar molecules is similar to that of mannose. However, calorimetry
experiments revealed that binding between mannose and GRFT was fully saturable
whereas saturation of binding was not achieved for the other monosaccharides, suggesting
that GRFT has a thermodynamic preference for mannose and 1— 6a-mannobiose over
glucose and maltose (Ziolkowska et al., 2007a) although structural data indicate very little
difference in the ability of GRFT to bind mannose, glucose or N-acetylglucosamine
(Ziolkowska et al., 2007b). Further biophysical studies are needed in order to better
understand the basis of this tight affinity of GRFT to mannose. However, the data reviewed
above describe GRFT as a mixed specificity lectin that has the ability to bind glycan rich
glycoproteins found on the viral envelope in a monosaccharide-dependent manner (Mori e?
al., 2005). Modelling studies were carried out using one monomer of GRFT. Here,
ManyGIcNAc,, a high mannose oligosaccharide found on the surface of many viral
glycoproteins, was modelled to interact in a tridentate fashion to the three close binding
sites, in all three possible configurations irrespective to which terminal mannose or which
binding site was involved (Ziolkowska et al., 2007a). These studies also showed that none
of the smaller oligomannose sugars could bind in a tridentate way since the loss of one or
two terminal mannose residue (MangGIlcNAc, and Man,GIlcNAc,, respectively) leads to a
prediction of a bidentate complex instead. It was therefore suggested that the high affinity
of ManyGlcNAc, to GRFT is a result of its interaction with up to three binding sites on the
lectin. Interestingly, another lectin, the snowdrop agglutinin, which also have three
carbohydrate binding sites arranged in a form of equilateral triangle, did not allow the
tridentate modelling even with the high mannose oligosaccharide ManyGlcNAc,, probably
because of the large separation of the mannose binding sites on this protein, more than 20A
compared to approximately 15A for GRFT (Ziolkowska et al., 2007a).

Antiviral Activity and Available Safety Data of GRFT

As mentioned above, GRFT was discovered as part of a vast programme at the National
Cancer Institute (NCI) aiming at screening natural product extracts for their inhibitory
effects against HIV (Mori et al., 2005; Ziolkowska et al., 2007a). In a bioactivity guided
fractionation, preliminary findings allowed Mori et al. to hypothesize that the anti-HIV
compound of Griffithsia sp. extracts was likely a protein that bound soluble gp120 (Mori et
al., 2005). Indeed, purified GRFT was shown in ELISA experiments to have a direct
interaction with the HIV envelope glycoproteins gp120, gp160 and gp41 and the binding
was concentration and glycosylation-dependent in the case of gp120 (Mori ef al., 2005). It
has been observed that GRFT rapidly precipitates upon addition of multivalent
carbohydrates (Ziolkowska et al., 2006, 2007a). It has been suggested that the precipitation
should not be considered to negatively affect the antiviral activity of the lectin since cross-
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linking of the glycoproteins on the viral envelope might be as efficient in preventing fusion
as the multivalent interactions with a single molecule (Ziolkowska et al., 2007a). In fact, it
is generally accepted that the enhanced binding potential of GRFT for the high-mannose
sugars present on the HIV envelope gp120 is due to its structure which offers six binding
sites for mannose in a compact domain-swapped dimer (Ziolkowska et al., 2006).
Cyanovirin (CV-N), another lectin originally isolated from blue green algae Nosfoc
ellipsosporum, has attracted much attention these past years in the field of microbicide
development due to its potent anti-HIV inhibitory effects. To date, CV-N is the most potent
anti-HIV plant lectin described apart from GRFT with an EC50 of 0.1 nM which is at least
2.5 higher than that of GRFT (Table 21.1) and structural studies show that CV-N displays
only four carbohydrate binding sites in its dimeric form, which might explain this
significant difference in the antiviral activity of both proteins (Ziolkowska et al., 2006;
Ziolkowska and Wlodawer, 2006). Indeed, using HIV-1gg (a T-topic strain) in CEM-SS
cells, it was shown that GRFT exhibit potent cytoprotective effects along with decreased
concentrations of viral replication markers (including the reverse transcriptase and the viral
core antigen P24) in the cell culture supernatants and this antiviral activity of GRFT was
shown to be in the mid-to-high picomolar range against both T-tropic and M-tropic viruses,
laboratory adapted or primary isolates (Mori ef al., 2005).

Table 21.1. Selected algal and plant lectins with potent anti-HIV activity.

Lectin Origin ECsq or IC50in nM (HIV)
GRFT Griffithsia sp. 0.043

CV-N Nostoc ellipsosporum 0.1

SVN Scytonema varium 0.3

MVL Microcystis viridis 30
Psophocarpus tetragonolobus lectin | P. tetragonolobus 52

Recently, it was reported that GRFT exhibited a high potency in blocking R5- and X4-
viruses at concentrations below 1 nM (Emau et al., 2007). In addition it has been shown
that GRFT is able to inhibit syncytium formation between uninfected and chronically
infected cells in a concentration dependent manner, with an eventual complete abolishment
at high concentrations (Mori et al., 2005). These findings suggest that GRFT has the ability
to act using a dual mode which consists of prevention of initial infection, as well as cell-to-
cell transmission—both modes are probably used in HIV infection. Binding of
oligosaccharides to multiple sites on a single molecule of GRFT provide the basis of its
unique antiviral properties (Ziolkowska et al., 2007b) and it has been hypothesized that the
lectin would inactivate other enveloped viruses, especially those that have highly
glycosylated proteins on their surface. In fact, CV-N which inactivates HIV by binding to
the viral envelope glycoprotein gp120 with high affinity (similar to GRFT) has been shown
to possess a rather broad range of inhibitory activities against many other enveloped
viruses from diverse genera. For example, CV-N binds to the influenza haemagglutinin
surface glycoprotein, blocks viral infection and this lectin has recently be used to provide
treatment of influenza infections in mice and ferrets (Smee et al., 2008). Previous studies
have reported the antiviral effects of CV-N against human pathogens namely herpes
simplex virus, ebola virus, measles virus as well as hepatitis C virus (Ziolkowska and
Wlodawer, 2006), and even some viruses belonging to the order of Nidovirales which
include toroviruses, arteriviruses, roniviruses and the coronaviruses (van der Meer et al.,
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2007). These inhibitory effects have been attributed to the binding of CV-N to surface
envelope glycoproteins of the respective viruses. Interestingly, the antiviral properties of
GRFT were evaluated against the coronavirus which causes SARS (Severe Acute
Respiratory Syndrome) and the algal lectin was able to inhibit at nanomolar concentrations
both viral replication and the cytopathicity induced by the virus, most likely by binding to
the SARS associated coronavirus (CoV) surface ‘spike’ protein that is heavily
glycosylated. Despite the structural properties of GRFT which predict potent inhibitory
effects against a broad range of enveloped viruses, this protein is yet to be fully
characterized as for its antiviral activities. More studies are expected in the near future to
examine the inhibitory effects of this unique carbohydrate binding protein against other
enveloped viruses beside HIV and SARS-CoV, especially those that are transmitted via
mucosal routes, for example human influenza viruses A and B, ebola virus and diverse
coronaviruses. It would be particularly significant if griffithsin is shown to have in vivo
activity against herpes simplex viruses (HSV) -1 and 2 since these viruses have
epidemiological synergy with HIV/AIDS, i.e. play a major role in increasing the risk for
acquisition and transmission of HIV. If GRFT is found to be useful as a therapeutic, it
could also have valuable utility for treatment of HIV and HCV co-infections, which are
presently difficult to treat effectively.

Since GRFT is a relatively newly discovered carbohydrate binding agent (CBA), there
is still a realm of questions which deserve full attention, especially about its safety profile
in the case it should be developed as a topical microbicide. There are many reports which
indicate that some CBAs are mitogenic and/or able to agglutinate human red blood cells, to
induce inflammation and cellular toxicity. Until now, there is little documentation about the
eventual toxic effects of GRFT. In their pioneering work, Mori et al. (2005) tested the
cytotoxicity of the algal lectin at concentrations up to 783 nM (1,000 to more than 18,000
times the ECs, values in the same study system) and concluded that there was no significant
cellular toxicity of GRFT to any tested host cell types. More studies should be conducted to
evaluate the effects of the lectin on a variety of cervico-vaginal epithelial cell lines since
the latter are likely the first cells to be exposed to GRFT formulated as a vaginal
microbicide. To this end, a recent study from our laboratory showed that GRFT at 2.0 uM
induced no significant alterations in levels of an extensive panel of cytokines and
chemokines in human cervical explants (O’Keefe et al., 2009). In addition, no mitogenic
activity of GRFT was detected after treatment of human peripheral blood mononuclear
cells (hPBMCs) by the CBA and rabbit vaginal irritation (RVI) assays showed good safety
profile for 0.01%, 0.05% and 0.1% GRFT with no gross anatomical pathology observed at
any dose (O’Keefe ef al., 2009). It would be interesting to further evaluate the effect of
GRFT on a more comprehensive set of cytokines and chemokines as well as other
molecules that mediate the innate immune response especially those that are implicated in
boosting the migration of CD4+ cells. Other animal studies are needed as well to further
establish the safety profile of the drug where the effects of long term, repeated
vaginal/rectal administration of GRFT would be evaluated. The animal models should
include the rabbit ‘Gold Standard’ model recommended by the US Food and Drug
Administration for safety evaluation of vaginal products as well as rodents like mice and/or
rats which have the advantage of the availability of a greater number of reagents with
relatively low costs for preclinical studies. Ongoing projects in our laboratory evaluating
the epithelial toxicity in vitro and in vivo show highly encouraging results (Kouokam et al.,
unpublished data).
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Large scale production of GRFT

It is widely acknowledged in the field of microbicide research and product development
that low cost of production is one of the key features of a topical antiviral since the end
product would be affordable to the populations in poor countries as well as less wealthy
people in the developed west. In fact, in the case of HIV/AIDS, current drugs are very
expensive and barely accessible to the poorest countries where the disease prevalence is
even higher. Many strategies have been used in order to solve the problem of
cost/availability of the algal lectin GRFT. The first attempt used the Escherichia coli
bacterial system to overexpress GRFT which yielded a product that displayed a similar
antiviral effect against HIV as the natural, algal derived lectin (Mori ef al., 2005). However
it is still debatable whether the existing bacterial expression systems could allow a
production large enough to supply all the current need, taking into consideration the large
population of AIDS patients and the eventual use of GRFT in the treatment and/or
prevention of other diseases caused by enveloped viruses. One of the drawbacks of the
bacterial systems is that recombinant GRFT accumulates in both soluble and non—soluble
fractions of E. coli which complicates the purification process as well as reducing the yield
of purified protein (Giomarelli et al., 2006). Since a topical microbicide needs to be
produced at extremely high levels and low cost to have an impact on global health, bacteria
or any other cell based system such as yeasts, which require sterile environment, are
unlikely to provide a satisfying solution for the mass production of GRFT. In the case of
CV-N, Lactococcus lactis and L. plantarum were engineered to secrete CV-N that inhibited
HIV-1 infection in vitro and L. jenmsenii, found in the normal vaginal flora, was
bioengineered to deliver this lectin directly to the mucosa (Liu ef al., 2006). This concept
of ‘live microbicide’ appeared very attractive since it would allow development of
inexpensive yet durable protein-based topical antiviral agents. However, many questions
remain unanswered as for the safety of such procedure, for instance it is difficult to predict
eventual mutations that will appear in the inserted lectin/protein gene during the course of
time or to be certain that the transformed strain will still optimally colonize the vaginal
mucosa without creating any disastrous imbalance in the existing complex flora.

Transgenic plants have been used to express a variety of molecules including lectins.
There are many advantages in using plant systems to produce protein microbicides:
transgenic plant production can be easily scaled up in order to obtain large supplies and the
creation of agricultural infrastructure is usually of low cost enough to allow inexpensive
end products. For example, when transformed with a gene encoding CV-N, Nicotiana
tabacum (tobacco) transgenic plants were reported to yield impressive amounts of
recoverable protein at levels of 130 ng/mg of fresh leaf tissue corresponding to at least
0.85% of total soluble plant protein (Sexton ef al., 2006). In the same work published by
Sexton et al., it was shown that the plant expressed recombinant CV-N binds to soluble
¢pl20 in a concentration dependent manner with a similar affinity to the natural
counterpart and therefore exerts an antiviral activity against HIV. These studies have
demonstrated the superiority of transgenic plant production versus bacterial over-
expression of lectins, CV-N in this case. Similar conclusions have been recently made after
studies on GRFT production. In fact, using a close relative of tobacco, Nicotiana
benthamiana, it was possible to produce a non—His-tagged version of GRFT whose crystals
diffracted significantly better than the bacterial recombinant protein (Ziolkowska et al.,
20006). It is therefore believed that the plant GRFT (pGRFT) bears a closer resemblance to
the natural, algal lectin. Recently, we reported a breakthrough in manufacturing of pGRFT
where N. benthamiana seedlings were transduced with a tobacco mosaic virus expressing
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GRFT (O’Keefe ef al., 2009). A greenhouse of N. benthamiana plant expressing GRFT is
shown in Fig. 21.1. We found that pGRFT was the most abundant protein in a pH 4.5
extract with the viral coat protein being the major contaminant; the plant produced lectin
was relatively easy to purify compared to the bacterial counterpart; purified pGRFT could
be recovered at around 45-50% of the in planta level of 1g/kg fresh plant biomass and was
able to bind HIV envelope glycoprotein gp120 and therefore exert antiviral activity similar
to the natural or bacterial forms of GRFT. The final purified pGRFT product was sterile
with no residual TMV and has extremely low endotoxin contamination of 0.0896 EU/ml
which is much lower than is tolerated by the FDA for an injectable drug (O’Keefe et al.,
2009). Even though the yield described above is high, further optimization of the
purification process, for example reducing the number of steps and/or increasing the yield
is needed in order to minimize as much as possible the production costs of pGRFT.

Fig. 21.1. A greenhouse of N. benthamiana plants expressing GRFT.
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GRFT has the potential to become a topical microbicide against a broad range of
enveloped viruses

Enveloped viruses are still a huge health challenge despite lots of efforts and use of modern
techniques in the development of new antivirals. Indeed, there has been enormous progress
in the development of antiretrovirals against HIV, vaccine products against influenza,
hepatitis A and B, etc. However, the manufacturing cost constitutes a major obstacle to
these products to achieve global distribution for prophylaxis, especially to those people in
the poorest regions of the world who are most heavily affected by infectious diseases. It is
well established that an antiretroviral combination therapy can significantly improve life
quality and life expectancy of AIDS patients but again this treatment option comes at high
cost, out of reach for most people living with HIV/AIDS. Antiretroviral treatment has been
proposed as an appropriate ‘pre-exposure prophylaxis’, either orally or in vaginal
microbicide products. Aside from the cost, there is concern that prophylactic use of
antiretrovirals already used in therapeutic regimens could lead to undesirable antiretroviral
resistance becoming common in the circulating virus population. Moreover, many
antiretroviral drugs have significant side-effects. However, using malaria pre-exposure
prophylaxis as a model, the same strategy may be useful against HIV. An injectable protein
product is unlikely to find widespread use as first-line antiretroviral therapy—it is more
likely to be useful as salvage therapy in people for whom most other antiretrovirals have
become ineffective due to viral resistance. GRFT therefore has some advantages as a
prophylaxis product versus many small molecule antiretrovirals. Since GRFT has been
proven manufacturable in large amounts in plants (O’Keefe ef al., 2009), the final cost of
the end-product may be affordable and the production could be easily scaled up to meet the
global need. For most vaccines, a cold chain is required for activity preservation and this
adds to the already high costs of the current products not to mention the lack of suitable
refrigerating equipments in many reclusive areas of the world. In contrast, topical
microbicides can be formulated in gels and the end products are therefore able to stand
extreme physical storage conditions including high tropical temperatures, without
significant loss of activity. Colourlessness, tastelessness and odourlessness constitute
additional important properties of GRFT (and lectins in general) which favour its
development as a topical microbicide. In some enveloped viruses exemplified by HIV, the
constant modification of the glycan shield of the envelope renders even more difficult to
design vaccines or drugs capable of dealing with the mutant viruses and to control
infection.

The binding and activity of lectins including GRFT to envelope glycoproteins is not
influenced by these viral mutations since the anti-HIV CBAs described so far generally
inhibit the growth of all the HIV clades tested. Thus, CBAs can be an invaluable tool to
fight the emerging drug-resistant viruses. This justifies in part the rising attention given to
lectins for their ability to bind glycoproteins that are present on the surface of the viral
envelope. As mentioned above, GRFT has been shown to exert potent inhibitory effects on
enveloped viruses including HIV and SARS and is expected, like other lectins with the
same mode of action (CV-N for instance), to show antiviral effects against a broad range of
enveloped viruses. The potent inhibition of HIV entry and syncytium formation suggests
that the lectin could be used both to prevent infection and to stop or reduce disease
progression, in the case of AIDS. Bioavailability is a key feature for any product which
undergoes drug development. The mode of action of GRFT and other CBAs primarily
suggests a use at mucosal surfaces to inactivate enveloped viruses and protect the host cells
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from infection. As mentioned above, CV-N has been successfully used in the treatment of
flu in mice and ferrets by intra-nasal administration. To be qualified for a vaginal
administration, for treatments of AIDS or genital herpes for example, a microbicide should
be able to maintain stability and therefore appreciable antiviral activity in the acidic (pH 4—
6) cervico-vaginal environment which include the vaginal microflora as well as various
macromolecules such as secreted proteins that could affect the diffusion of the drug. In an
elegant study, it was shown that GRFT retained similar antiviral efficacy after a week of
incubation in culture media at pH 4-8 and incubation in macaque cervico-vaginal lavages
or bovine serum albumin at pH ranging from 4 to 8 for 24 h did not alter the anti-HIV-1
inhibitory effects (Emau et al., 2007). These and many previous findings let the authors
suggest that GRFT should be considered as an excellent candidate for anti-HIV
microbicide. This lectin could easily become the ‘next generation’ anti-HIV drug and be
used in the fight against other enveloped viruses providing that the protein passes all the
safety tests and that a suitable delivery system of the product is developed. Many vaginal
products including contraceptives are formulated in gels and GRFT might easily follow this
path. However, it is not clear as whether a gel formulated GRFT for frequent use as a
vaginal microbicide will be appreciated. In addition, it is not yet known as whether GRFT
will keep its stability in gels and optimally diffuse out of this milieu to show appreciable
antiviral efficacy in the vagina and/or cervix. It is therefore useful to explore the efficacy of
other formulation methods including thin films and solid lipid particulate systems such as
solid lipid nanoparticles, lipid microparticles and lipospheres which have been recently
developed for vaginal formulations.

Conclusion

The algal GRFT is a relatively newly discovered lectin with proven potent antiviral activity
against HIV and SARS-CoV. GRFT is the most potent anti-HIV lectin described so far and
thanks to this, the CBA from Griffithsia sp. became the first algal lectin to undergo detailed
structural studies although the structure of the amino acid at position 31 in the natural, algal
derived lectin is still unknown. However, the recombinant GRFT (containing an alanine in
lieu of the unknown amino acid) expressed both in bacteria and plants has been shown to
possess similar biological properties, especially for its binding features. Therefore no
special effort has been deployed in order to disclose the nature and properties of this
unusual amino acid. Structural studies have suggested that the dimeric form of GRFT
should be considered as the minimum biological unit due to the domain-swapped structure
of this protein. With 6 sugar binding sites on a dimer, GRFT exerts its antiviral inhibitory
effects by binding oligosaccharides of the viral envelope glycoprotein with high affinity.
Such mode of action predisposes GRFT to inhibit a wide range of enveloped viruses and
studies are expected in the near future to unveil the potential inhibitory effects of this lectin
against many other glycan shielded viruses, especially those that are pathogenic to human.
Although GRFT as a lectin is not expected to carry any substantial risk of systemic side
effects and is unlikely to be absorbed efficiently (O’Keefe et al., 2009) as components of
microbicides, the safety profile of this compound should be thoroughly studied since it
would be destined for a chronic use especially if it would be developed to serve as a
prophylactic means as well. Some studies have been done to this end with encouraging
results reviewed here. Future works using cell lines or primary cells and animal models
should include a more comprehensive evaluation of the lectin on the mediators of the
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innate immune system, in particular those that trigger the CD4+ T helper cells which are
needed by the virus to initiate infection and disease in the case of HIV/AIDS. One of the
biggest problems that the drug development of a macromolecule such as a protein
encounters is the availability. In fact it is unlikely that any cell based system in the current
settings, be it prokaryotic or eukaryotic would allow the production of sufficient amounts
of GRFT to be used in a huge global demand. In addition, cell based systems which require
sterile conditions are very expensive to establish and maintain and therefore could not be
used to manufacture the lectin at a low cost that would be affordable to the poor(est)
populations dealing with viral infectious diseases. Fortunately a plant based system where
large amounts of GRFT were produced in an agricultural setting has been recently
developed and this carries the promise to solve both issues including cost and availability.

In the prevention of AIDS and sexual transmitted diseases, such a product would have a
very low cost (in the same price range as the male condom) with the advantage that women
would have a word to say in their own protection. In fact male condom encounters a lot of
reticence in some cultures and/or religions. In addition, some women (especially in
developing countries or sex workers in the western world) do not always consent to have
sex and when they do, it is not obvious to convince their partners to use the latex. As a
result, the proportion of women living with HIV has steadily increased. Discrete use of a
topical microbicide would bring a solution to this and dramatically decrease the rate of
heterosexual transmission of HIV which is currently the dominant mode.

Optimal formulation of GRFT would yield a product that can undergo preclinical and
clinical trial using various animal models according to the target enveloped virus with hope
that this lectin will help tackle viral diseases caused by a large number of enveloped
viruses. The discovery of GRFT supports the bioactivity guided fractionation as an
efficient means to identify new active pharmaceutical principles from natural products.
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Chapter 22

Camptothecins: SAR, QSAR and
Biotechnology

Rajeshwar P. Verma

Introduction

Camptothecin (CPT, I), a naturally occurring pentacyclic quinoline alkaloid firstly isolated
from a Chinese tree Camptotheca acuminata in 1966 (Wall et al., 1966), is one of the
prominent lead compounds in the field of anticancer drug design and development.
Although CPT has shown remarkable promise as an anticancer agent, its success has been
tempered due to its poor water solubility, severe toxicity, and hydrolyzation to the
biologically inactive carboxylate, which binds to serum albumin. Many efforts had been
spent to improve the pharmacological features of CPT with respect to increase their water
solubility and lactone stability by the design of several semi-synthetic derivatives. Two
most promising CPT derivatives of such types are 9-[(dimethylamino)methyl]-10-
hydroxycamptothecin (topotecan, 1) and 7-ethyl-10-[4-(1-piperidino)-1-
piperidino]carbonyloxycamptothecin (irinotecan, III), which exhibit a much better water
solubility and antitumour activity than that of camptothecin (Soepenberg et al., 2003).
These two CPT analogues have already been approved by the FDA and currently
prescribed in clinics (Oberlies and Kroll, 2004; Li et al., 2006). Topotecan (II) is used for
the treatment of the ovarian and small-cell lung cancers (Kingsbury et al., 1991; Ormrod
and Spencer, 1999; Markman, 2005), whereas irinotecan (III) is used for the treatment of
metastatic colorectal cancers (Pavillard et al., 2004; Fuchs et al., 2006). Irinotecan (III) is a
prodrug, which is converted into the active metabolic form i.e. 10-hydroxy-7-
ethylcamptothecin (SN-38, IV) (Fig. 22.1).

Fig. 1. 20(S)-Camptothecin (CPT, I), Topotecan (ll), Irinotecan (lll) and SN-38 (IV)

20(S)-Camptothecin (CPT,1); X=Y=R=H
Topotecan (Il); X = OH, Y CH,N(CH3), R=H

Irinotecan (I x——oi'—N:}N >

Y =H,R =CyHs
SN-38 (IV); X = OH, Y = H, R = CHs

I-Iv
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Topoisomerase I (topo 1), a vital DNA-manipulating enzyme, is the only known target for
the anticancer compounds of CPT family, which binds to the interface of the covalent
protein-DNA complex and enhances apoptosis through blocking the advancement of
replication forks. Once the CPT analogue is intercalated into topo I-DNA cleavable
complex, the collision between the complex and the replication fork during S-phase is
thought to be responsible for the DNA double strand breaks that ultimately lead to the cell
death (Hsiang ef al., 1989; Liu et al., 2000; Legarza and Yang, 2006). The crystal structure
of human topo I in ternary complexes with DNA and topotecan (Chrencik et al., 2004) may
provide valuable information that might improve efficacy of the CPT analogues. Scientific
efforts in this field are continued to develop new CPT derivatives in order to improve their
pharmacokinetics, drug resistance, and toxicity profiles. Currently, over a dozen new CPT
derivatives are already in various stages of clinical trials (Legarza and Yang, 2005).
Interestingly, plants are not the only source of CPT. Recent advancement in the cloning
techniques and characterization of biosynthetic enzymes involved in CPT biosynthetic
pathway may be helpful in the development of genetically engineered CPT-producing
plants. Thus, biotechnology may be proved to be an alternative route for rapid and large
scale production of CPT. In the present chapter we describe SAR, QSAR and
biotechnology of CPT derivatives.

Structure—Activity Relationships (SAR)

Structure—activity relationship (SAR) is qualitative in nature. It displays structural alerts
that include molecular substructures or fragment counts related to the presence or absence
of the biological activity (Eriksson et al., 2003; Verma and Hansch, 2007). The essential
structural features of CPT analogues for their activity are the following: a-OH lactone ring,
the pyridone moiety of the D-ring, the lactone moiety of the E-ring, conformation at C-20,
and the planarity of the five-membered ring system (Sirikantaramas et al., 2007). Although
the details about the SAR of CPT derivatives with respect to their pentacyclic ring system
have already been discussed in several publications (Li et al., 2006; Verma and Hansch,
2009), a brief discussion has been given below.

Modification of A ring (C-9, C-10, C-11and C-12 positions)

(1) DNA topo I inhibition generally increases if CPT is substituted at C-9 and C-10
positions by halides and other electron-rich groups (Carrigan et al., 1997). (ii) DNA topo I
inhibition activity also increases by the modification at C-11 position e.g. 11-
azacamptothecin has approximately twice the activity in comparison to CPT (Uehling et
al., 1995). (iii) Monosubstitution by NH, or OH group at position C-12 reduces greatly the
antitumour activity, whereas substitution at C-9, C-10, or C-11 positions increases the
activity (Wani et al., 1986). (iv) C-10 and C-11 substitutions are generally unfavourable to
the biological activity (Wani et al., 1987a), but it is not true for C-10,11-methylenedioxy
and C-10,11-ethylenedioxy functional group (Wall et al., 1993; Carrigan et al., 1997).
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Modification of B ring (C-7 position)

C-7 substitution generally increases both the potency and water solubility of CPT
analogues depending upon the nature of their C-7 substituent (Wall et al.,, 1993).
Examples: (i) 7-N-isopropylaminoethyl-CPT showed a marked increase in cytotoxicity and
lower toxicity in comparison to CPT and topotecan (Jew et al., 1999); (ii) 7-X-CPT (where,
X = alkyl, alkenyl, cyano, carbethoxy, CH=NC¢Hs;, CH=NC¢H;;, CH=N(CH,),OH,
CH:NCH2C6H5, CHZNC6H4(4-N02), and CH:N(CHz)zN(CH3)2) showed potent
cytotoxicity against human non-small-cell lung carcinoma H460 cell-line, most of them
exhibiting ICs, values in the 0.05—1puM range, and were more active than topotecan (ICsy =
1.38uM) (Dallavalle et al., 2000, 2001).

Modification of C ring (C-5 position)

5-X-CPT (where, X = acetoxy, alkoxy, amino, or hydroxyl groups) generally exhibited
diminished antitumour activity (Subrahmanyam et al., 1999a; Thomas et al., 2004;),
whereas two CPT analogues (V; X = CH,COOCH,CH,F) and (VI; X = [=CHCHj;])
showed a good or maintained the same potency equivalent to CPT (Sugimori ef al., 1994;
Subrahmanyam ef al., 1999b).

Vv

Modification of D ring (C-14 position)

Steric factor at C-14 is very crucial for the activity e.g. methyl ester group, as C-14
substituent, reduces the antitumour activity (Crow and Crothers, 1992). On the other hand,
14-aza CPT (VII) inhibits the relaxation of super-coiled plasmid DNA more potently than
CPT (Hecht, 2005).

Modification of E ring (C-20 and C-21 positions)
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(1) The lactone (E-ring) with 20-S configuration is vital for both the topo I inhibition and in
vivo activity (Wani ef al., 1987b). Any changes in this ring e.g. replacement of lactone by
lactum, reduction of lactone, removal of carbonyl oxygen, removal of 20-OH or
replacement of 20-OH by other groups, inactivate the CPT analogues (Bailly, 2003;
Hertzberg et al., 1989; Thomas et al., 2004; Li et al., 2006). (ii) The presence of a-OH (20-
S configuration) results in an equilibrium under physiological conditions that favours the
(inactive) open carboxylate form over the (active) ring-closed lactone (Burke and Mi,
1993; Hatefi and Amsden, 2002; Thomas et al., 2004; Li et al., 2006). (iii) The importance
of a-OH (20-S configuration) for topo I inhibition is mainly due to the two possible
reasons: (a) hydrogen bond formation between the hydroxyl group and the enzyme-DNA
complex, and (b) an intra-molecular hydrogen bond formation between the hydroxyl group
and the lactone carbonyl (C-21 position). Both interactions may facilitate the E-ring
opening (Hertzberg, 1989; Crow and Crothers, 1992; Li ef al., 2006). (iv) Esterification of
20-OH group can either eliminate the formation of intra-molecular hydrogen bonding or
increase the steric hindrance of the carbonyl group of E-ring, which results in the stability
of lactone ring of CPT derivatives in vivo (Cao et al., 2000; Li et al., 2006). (v)
Homocamptothecin (homoCPT, VIII), obtained by the replacement of a-hydroxylactone
with B-hydroxylactone, exerted potent topo I inhibition, enhanced cytotoxicity, and
increased stability of the lactone after 24 h at physiological pH (Lavergne ef al., 1997).

Modification of A/B ring

CPT analogues with modifications at A/B ring are of great interest because only two CPT
derivatives (topotecan and irinotecan) approved by the FDA for clinical use are the
derivatives of CPT with substitutions within the quinoline ring. The SAR of the quinoline
(A/B) ring suggests the following: (i) 7-C,Hs-CPT substituted at C-11 position either by -F
or -CN group showed enhanced cytotoxicity against KB and L1210 cells as well as strong
DNA topo I inhibition (Yaegashi et al., 1994); (ii) Stability comparison among CPT-, SN-
38- and 10-OH-CPT-induced cleavable complexes has demonstrated that the -OH group at
C-10 enhances the stability of cleavable complexes. Further, the stability difference
between SN-38- and 10-OH-CPT-induced cleavable complexes indicated that the ethyl
group at C-7 is an important factor for stabilizing the interaction between CPT derivatives
and topo I-DNA complex (Tanizawa et al., 1995); (iii) 7-alkyl-10-OH-CPT has shown
improved drug stability in the presence of human albumin. SN-38 is one of the best
examples with this substitution pattern (Burke and Mi, 1993); (iv) CPT derivatives with an
additional ring combined with positions C-10 and C-11, C-9 and C-10, or C-7 and C-9
were predicted to have superior antitumour activities in comparison to the original CPT.
The best examples of these types are lurtotecan and extatecan etc. (Li ef al., 2006); (v) C-7
and C-9 substitutions do not affect the inhibition of DNA topo I, suggesting the absence of
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tight interaction between the receptor site and the regions around C-7 and C-9 positions
(Kim and Lee, 2002).

Modification of A/C ring

Substitutions of alkoxy or other groups at C-5 (C ring) are reasonably tolerated when either
hydroxyl or nitro group is present to the A-ring. One of the best examples of this kind is 9-
OH-5-OC,H;-CPT (Subrahmanyam e al., 2000; Sriram et al., 2005).

Modification of A/E ring

Homocamptothecin (homoCPT, VIII) shows enhanced plasma stability and a decreased
binding to serum albumin. The activity of homoCPT can further be enhanced by mono- or
bis-fluorination of the A ring (Sriram ef al., 2005). The most important homoCPT
derivative is 10,11-difluoro-homoCPT (IX) which exhibits enhanced antiproliferative
activity against various cell lines (Lavergne et al., 1998).

H,C—" TOH
IX

Quantitative Structure—Activity Relationships (QSAR)

Quantitative structure—activity relationship (QSAR) is one of the well-developed areas in
computational research with established methodology and successful history (Hansch et al.,
1962). It has long been considered to play a vital role in drug discovery and development.
This technique uses extra-thermodynamically derived and computational-based descriptors
to correlate biological activity in isolated receptors, in cellular systems, and in vivo. The
use of meaningful descriptors, which can explain the molecular features responsible for the
relevant activity, is an important aspect for this paradigm. This method can shed light on
mechanisms of action of physiologically active substances to increase their effectiveness
and reduce the cost of development for the final medicinal/drug product. Although a
detailed QSAR study of CPT analogues has already been discussed (Verma and Hansch,
2009), a few examples are given below.

QSAR for the inhibition of DNA topo I

OSAR for the inhibition of DNA topo I by 7-X-9-Y-10-Z-camptothecins (X) (Hansch and
Verma, 2007)
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log 1/C = 0.84 Clog P —0.62 B5x — 0.59 MRy — 0.45 MR + 0.88 I, — 0.52 I, + 6.37 (1)
n=30, 7" =0.854, s =0.258, ¢* = 0.738

where, C is the molar concentration of CPT analogues (X) that cause 50% inhibition of
topo I cleavable complex formation, n is the number of data points, 7* is the square of the
correlation coefficient, q2 is the cross-validated 7, and s is the standard deviation.

Clog P is the hydrophobic parameter for the whole molecule and its positive coefficient
suggests that the highly hydrophobic molecules will be more active. BSx is the Verloop’s
sterimol descriptor for the maximum width of X-substituents. MRy and MR; are,
respectively, the calculated molar refractivities of Y and Z substituents. A negative
coefficient associated with B5x, MRy and MRy brings out steric effects for X, Y and Z
substituents, respectively. /; and /, are the indicator variables for the unusual activities
associated with Z = OH and X = n-alkyl groups, respectively. The presence of Z = OH
increases the activity as evidenced by the positive coefficient of 7;. On the other hand, the
negative coefficient of the indicator variable (/;) suggests that the presence of branched
alkyl groups at C-7 position is preferred over n-alkyl groups.

OSAR for the inhibition of DNA topo I by 7-X-10-Y-camptothecins (XII) (Viadu et al.,
2000, Verma and Hansch, 2009)

log 1/ECsy =—0.30 mx — 1.37 1y + 5.87 )
n=14,r =0.859, s =0.227, ¢’ = 0.750

where, ECs is the molar concentration of CPT analogues (XI), which are required for
producing cleavable complexes with purified topo I in 50% of the plasmid DNA. The
hydrophobic parameters my and my are for the substituents at C-7 and C-10 positions,
respectively. Its negative coefficients suggest that the presence of more hydrophilic
substituents at both the positions will enhance the activity.
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QSAR for the inhibition of various cancer cells

OSAR for the cytotoxicity of 7-X-camptothecins (XII) to H460 human NSCLC cells
(Dallavalle et al., 2001; Verma and Hansch, 2009)

X o]

HsC—" "OH
XI11

log 1/ICs5o = 0.86 Clog P —0.27 Clog P* + 5.97 (3)

n=10, 7 =0.924, s = 0.180, ¢* = 0.864

optimum Clog P = 1.62(1.33-2.30)

where, 1Cs is the molar concentration of CPT analogues (XII) that cause 50% growth
inhibition of H460 human NSCLC cells. The parabolic correlation (Eq. 3) in terms of Clog
P suggests that the cytotoxicity of CPT derivatives (XII) against H460 human NSCLC
cells first increases with an increase in their hydrophobicity up to an optimum Clog P of
1.62 and then decreases.

OSAR for the cytotoxicity (ICsy; mol/l) of 20-OCOCH2CH2X-camptothecins (XIII) to
A2780 (human ovarian cancer) cells (Wang et al., 2004; Verma and Hansch, 2009)

X1

log 1/ICsy = 2.05 my — 0.42 7y’ + 4.70 4)
n=9,r=0.908, s =0.076, g° = 0.602
optimum 1ty = 2.46(2.22-2.59)

OSAR for the cytotoxicity (ICsy; mol/l) of 20-OCOCH,CH,X-camptothecins (XIII) to
Bel7402 (human liver cancer) cells (Wang et al., 2004, Verma and Hansch, 2009)

log 1/ICso = 12.81 MRy — 1.25 MRy’ — 24.84 (3)
n=12,r=0.892, s =0.258, ¢* = 0.841
optimum MRy = 5.14(5.03-5.26); nx vs. MRx; r = 0.654

nx and MRy are the calculated hydrophobic and molar refractivity parameters of X
substituents, respectively. Equations 4 and 5 are parabolic correlations, respectively, in
terms of my and MRy. This suggests that CPT analogues (XIII) may act by different
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mechanisms or interaction with different cellular targets in addition to the DNA topo I in
these two human cancer (A2780 and Bel7402) cell lines.

Biotechnology

At present, CPT, supplied for pharmaceutical use, is still exclusively extracted from the
plants, Camptotheca acuminata and Nothapodytes foetida. Recently, it has been discovered
that CPT is also present in other plant species but in very low concentration i.e.,
Ophiorrhiza pumila and Ophiorrhiza mungos (Efferth et al., 2007). Although the chemical
synthesis of CPT analogues has been studied extensively, a large-scale synthesis has not
yet been established due to the shortage of plants and the environmental issues. Thus, it is
essential to explore the other resources to fulfill the great demand gap of CPT in the
pharmaceutical market. The recent advancement in the cloning techniques and
characterization of biosynthetic enzymes involved in the CPT biosynthetic pathway may
provide valuable and rich information for the development of genetically engineered CPT-
producing plants. Thus, biotechnology may be helpful in the rapid and large production of
CPT. The details about the biotechnology of CPT have been well described in recent
reviews (Efferth ef al., 2007; Srikantaramas et al., 2007). Some important biotechnological
approaches for the production of CPT alternative to field cultivation are described, in brief,
below.

Cell suspension culture

By altering nitrogen source to NH,"/NO;™ (5:1 molar ratio; 40 mM) in cell suspension
culture of Camptotheca acuminata, the CPT yield has been increased by 340%, as
compared to the control (Pan ef al., 2004). This method may be helpful in commercial
production of CPT.

Hairy root culture

A hairy root culture of Ophiorrhiza pumila, using a modified 3 1 bioreactor, gave CPT with
concentration 0.0085% of fresh weight tissue from 8-week culture and the total CPT
production reached 22 mg, for which about 16.5% (3.6 mg) was excreted into the culture
medium. This method with a large-scale bioreactor can be applied for the commercial
production of CPT (Sudo et al., 2002).

Genetically modified plant

Recently, a method has been developed for the regeneration of Ophiorrhiza pumila plants
from hairy roots. The regeneration frequency was over 83% and the regenerated plants
accumulated CPT in amounts of 66—111% as compared to that of wild-type plants. The
regeneration of transformed plant may contribute, in the future, to the establishment of
genetically modified plants feasibly producing CPT (Watase et al., 2004).

Endophytes
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It is interesting to note that the isolation of CPT-producing organisms in the future, may
provide an easily accessible source for the production of CPT. In a recent study, an
endophytic fungal producing CPT has been isolated from the inner bark of the plant
Nothapodytes foetida from the western coast of India (Puri ef al., 2005) and its
immunomodulatory, antioxidant activity (Amna et al, 2007; Arora et al., 2010) and
radioprotective efficacy were established (Arora ef al., unpublished work).

The expression of biosynthetic pathways

The genes of some key enzymes such as strictosidine synthase, tryptophan decarboxylase,
and NADPH: cytochrome P450 reductase are responsible for the biosynthesis of CPT that
have been cloned from hairy roots of Ophiorrhiza pumila. Heterologous expression of the
cDNAs coding for these enzymes expressed in Escherichia coli cells yielded functional
recombinant proteins. This may prove to be an important step towards the genetic
engineering for recombinant CPT biosynthesis in large-scale production (Yamazaki ef al.,
2003).

Conclusion

Isolation and structural elucidation of camptothecin (CPT; a natural product) enabled
pharmacological and molecular biological investigations to establish CPT as one of the
lead compounds for bioactivity-based generation of semi-synthetic derivatives e.g.
topotecan and irinotecan, the FDA approved anticancer drugs. SAR and QSAR studies on
CPT analogues may provide key information in further design and development of new
CPT derivatives in order to improve pharmacokinetics, drug resistance and toxicity
profiles. At present, over a dozen new CPT derivatives are in various stages of clinical
trials. The recent advancement in biotechnology has provided a great hope for the
alternative route of CPT production to field cultivation. We hope the biotechnology may
fulfil the demand gap of CPT in the pharmaceutical market in the future.
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