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Foreword

THE ACS SYMPOSIUM SERIES was first publishied in 1974 to
provide a mechanism for publishing symposia quickly in book
form. The purpose of this series is to publish comprehensive
books developed from symposia, which are usually “snapshots
in time” of the current research being done on a topic, plus
some review material on the topic. For this reason, it is neces-
sary that the papers be published as quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to
the topic and for comprehensiveness of the collection. Some
papers are excluded at this point, and others are added to
round out the scope of the volume. In addition, a draft of each
paper is peer-reviewed prior to final acceptance or rejection.
This anonymous review process is supervised by the organiz-
er(s) of the symposium, who become the editor(s) of the book.
The authors then revise their papers according to the recom-
mendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors,
who check that all necessary revisions have been made.

As a rule, only original research papers and original re-
view papers are included in the volumes. Verbatim reproduc-
tions of previously published papers are not accepted.

M. Joan Comstock
Series Editor
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ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Downloaded by 89.163.34.136 on October 14, 2012 | http://pubs.acs.org
Publication Date: March 31, 1995 | doi: 10.1021/bk-1995-0588.pr001

Preface

NEws FROM THE FIRST RECORDED EXPEDITION down the Amazon
reached Europe in the mid-16th century, and since then this mysterious
and fascinating region has been associated with many different myths.
Scientists have helped dispel or clarify many of these myths, but some
large-scale projects have clearly shown the pitfalls that await those who
try to explore the area without knowing enough about its many particu-
larities and complexities.

Amazonia has been the source of much interest. Considerable
research on its fauna and flora has been published since the beginning of
the past century. There has recently been an important change in the
focus of this research. Instead of limiting work to characterization and
identification of species, considerable attention is now directed toward
understanding the ways in which species interact among themselves and
with their surroundings. A direct consequence of this trend is the inclu-
sion of the human element in these studies and the realization that
research on Amazonia has much to gain if the local inhabitant is made a
willing partner. Consideration of measures that lead to his well-being are
an essential component of any project aimed at preserving the enormous
variety of species that share his habitat through judicious use of its
natural resources.

Chemistry plays an important role in understanding the interaction of
Amazonian wildlife and teaching humankind how to preserve fauna and
flora. It provides a basis for investigating natural phenomena related to
competition among species, their spatial radiation, and their response to
external factors, and it generates the knowledge required for correct
management of natural ecosystems. It may also reveal valuable sub-
stances and materials that, if exploited rationally or used as models for
synthesis, could provide local populations with an important source of
income for many generations.

Extensive research has been carried out on the geochemistry, hydro-
chemistry, environmental chemistry, and chemistry of natural products of
the Amazon region. However, most of these studies were carried out in
laboratories far from where the samples originate, and the results,
although published in national and international periodicals, rarely found
their way back to or aroused the interest of decision-makers responsible
for the preservation and rational development of the region. When our
association held a national meeting on “Chemistry of the Amazon” just

xi
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after the Rio Summit in October of 1992, it became readily apparent that
economic activities continue to destroy this valuable resource instead of
taking advantage of its potential. This situation was taken as a clear indi-
cation of the high degree of ignorance about the region and what it has to
offer.

Investigators of the geochemistry, hydrochemistry, environmental
chemistry, and chemistry of natural products of the Amazon as well as
specialists on chemical processes that determine biodiversity were invited
to take part in the First International Symposium on Chemistry of the
Amazon. Combining and comparing information from all these sources
aids examination of alternatives for development of the region with the
least interference possible in the natural processes that occur in the
ecosystem. This book presents contributions covering prospects for treat-
ing biodiversity as a renewable resource, the bioactivity of natural prod-
ucts from the Amazon, their ecology and evolution, and the environmen-
tal issues involved in the region’s conservation.
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Chapter 1

Amazon Biodiversity:
A Renewable Natural Resource?

Peter Rudolf Seidl

Centro de Tecnologia Mineral, Rua 4, Quadra D, Cidade Universitdria,
Ilha do Fundao, CEP 21941-590 Rio de Janeiro, RJ, Brazil

Tropical rainforests contain a disproprotionate amount of the
earth’s biodiversity. The Brazilian Amazon is probably the most
important biotic reserve in the world and provides an opportunity to
test the prospects for making conservation of biodiversity an
attractive alternative to its inexorable destruction by local
communities. This is no easy task and requires new types of
relationships with these communities in order to access their
knowledge base on the use of the region’s biodiversity and evaluate
its potential economic value. Chemistry may play an important role
in the identification, development and commercialization of valuable
natural products (especially these that reveal some form of
bioactivity) and in recovery of degraded areas with native species
through specialized agroforestry systems as well as in monitoring
and evaluating the impacts of any new project on its particular
ecosystem.

Tropical forests are known to contain a disproportionately large share of the
earth’s biodiversity. Estimates of how many kinds of plants and animals inhabit the
planet vary considerably, but it is generally agreed upon that, for certain groups,
only a small fraction of the probable number of species have been discovered. It is
anticipated that most of the species that are yet to be identified inhabit the tropics
).

Tropical rainforests cover approximately 4% of the earth's surface and are
found in more than 70 countries. They are not uniformly distributed, however, and
no more than seven countries harbor more than two-thirds of these forests. Brazil
alone accounts for just over 30% of this total (2) and its natural products have
been investigated in laboratories all over the world (3,4).

The Brazilian Amazon thus seems to be the appropriate place to examine
the propects for making the conservation of biodiversity attractive to the societies

0097-6156/95/0588—0002$12.00/0
© 1995 American Chemical Society
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1. SEIDL  Amazon Biodiversity

that harbor it, providing a convenient venue for applying the concepts that were
negotiated at the Rio Summit (5). It covers the larger part of the Amazon basin
which, with its enormous area and ecosystematic complexity, is probably the most
important biotic reserve in the world. Its natural base is formed by many different
ecosystems which interact among themselves, establishing complex ecological
processes. in terms of dynamics as well as their interdependence (2).

Around 15 million people live in the region today yet, in view of its sheer
size, it is still sparsely populated (although this situation is changing rapidly). Some
15% of its economically active population depends on what is called
"extractivism”, here understood as a general term which includes some
environmentally sound practices and others which are extremely aggressive to local
ecosystems. Among the latter are small-scale mining ("garimpo"), a direct threat to
important river systems and the people who live off them, and deforestation, a
process which has already claimed 8% (40 million ha) of the tropical forest. In
spite of a number of environmental protection measures recently adopted, the
destruction of forests and river habitats of the Amazon will inevitably continue
unless the type of demand for its natural resources can be substantially modified.

The traditional economy of the Amazon Region is, to a large extent,
dependent on primary activities (mining, agriculture, fishing and forestry) with a
low technological content and which do not lead to socio-economical improvement
for the region, but which cause considerable environmental degradation.
Opportunities for changing this situation to one of sustainable development and
conservation of the region are centered on the use of its renewable natural
resources. The most promissing alternatives are based on verticalization and
diversification of the productive strucuture, specially in terms of new industries
based on biotechnology and chemistry of natural resources such as biotic materials,
pharmaceuticals, cosmetics, and tropical agroindustrial products with high added
value. Thus a strategy for sustainable development and conservation of the
Amazon requires the creation of new economic sectors, based on science and
technology, that take advantage of natural resources employing environmentally
friendly procedures and techniques in addition to widely publicized measures such
as demarcation of indigenous areas, of parks and reserves, of extractivist reserves,
of units for biodiversity conservation, as well as activities related to agroeconomic
zoning of the Amazon and to monitoring anthropic effects on its ecosystems, to
mention just a few of the projects included under the Pilot Program to Conserve
the Brazilian Rainforest, know as the G7 Program.

Commercial exploitation of natural products from the tropical forests may,
in fact, be the only way to preserve this habitat and avoid its destruction by local
inhabitants in search of conditions for survival or by commercial enterprises after a
short to medium-term gain. A number of projects now under way indicate that
rational exploitation is possible without permanent damage to the environment
and scientific management of degraded areas may accelerate their recovery.

The time 1is particularly favorable for the development and
commercialization of products from tropical forests. The tendency to substitute
products of vegetable origin by synthetic chemicals has lost much of its impetus
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and, in some cases, may even be experiencing a reversal. Natural products have
been making a strong return to the market in the past few years and,in certain areas
such as food, cosmetics and drugs, there is a marked preference for "natural”
ingredients over their synthetic counterparts. An "exotic" connotation that is often
associated with tropical products may even allow them to command higher prices.
Any attempt at exploiting products from the rainforest must, of course, be
carefully monitored. The biogeochemical cycles that provide conditions for the
generation and preservation of Amazon biodiversity have been the object of
extensive research in the last two decades. Techniques for analysing anthropic
effects caused by population increases in larger cities; building hidroelectric plants:
prospecting, drilling and transporting oil; cattle-grazing; slash-and-burn farming
and, more recently, small-scale mining ("garimpo") on the Amazon’s rivers (water
and sediment), air and soil should be applied to any new initiative, and a careful
evaluation of its impacts must be an integral part of any new development.

Valuable Natural Products: Identification, Development and
Commercialization

Interest in natural substances that have biological activity is on the rise again as
approaches to "ab initio" drug design using sophisticated computational and
biochemical techniques turn out to be more complex and not quite as reliable as
had been originally anticipated. While major pharmaceutical companies have not
abandoned this approach, they are also investing heavily in the collection,
identification and preparation of extracts from plants, animals (mostly insects and
marine organisms) and microorganisms for screening purposes(6). Recent
advances in techniques used for screening have significantly reduced the amount of
sample that is required and increased the number of tests that can be run with
relatively modest investments in installations and equipment as well as costs for
personnel and materials (7). As a result, vigorous programs for acquision of natural
products along with novel chemical structures are integrated into drug discovery
programs on the part of both industry and mission-oriented government agencies
such as the National Institutes of Health (NIH) in the U.S (8).

Although medicinal agents represent the largest and most visible segment of
bioactive compounds that are yet to be discovered in tropical forests, they are by
no means the only one. Competition among species and development of chemical
defenses against predators should provide many molecules to be tested as
insecticides and herbicides. While a number of substances found in tropical forests
are known to have unique flavors or fragrances and many are already commercially
available, the possibility of coming across new compounds with these properties
should not be overlooked. The same goes for natural dyes and other of substances
that are used in formulations of cosmetics, toiletries, foods and health articles. Two
of a major drug company's best-selling products are an artificial sweetener and a
herbicide, for example (6).

Some form of bioactivity in an extract is the starting point, but only rarely
the sole element, in the process of discovery, development and commercialization
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of a new compound. Depending on the final application, a promising molecule (or
"hit") will go through extensive tests (and possibly chemical modification) before
becoming a "lead compound" that would be subjected to clinical trials . A case in
point is a promising drug against AIDS developed from a compound isolated from
plant materials that was being tested as an insect regulator (the native compound
was too toxic to be useful as a drug, but after a number of analogs were
synthesized and tested, one of these was shown to have the necessary properties
and advanced into the clinic). The plant is no longer necessary to get the substance
- it is now made synthetically - but without the plant it would never have been
discovered (6).

Another important component in the search for bioactive substances is
related to genetic resources. Screens should not be limited to small molecules,
samples should also be extracted for proteins in which the gene responsible for its
action is identified in order be cloned. Genetic engineering has opened up new
possibilities of producing variants that have desirable biochemical characteristics
and these methods are equally applicable to the genetic manipulation of plants as
well as lower animals and microorganisms that accumulate the bioactive
compounds of interest.

Plant biotechnology offers additional possibilities for in vitro accumulation
of these selected substances (9). An integrated strategy for conservation of genetic
resources followed by screening for desirable genetic properties as well as
biological activity and combined with R&D on genetic engineering/plant
biotechnology of selected species should be an integral part of the effort on
identification, development and commercialization of bioactive compounds. This
type of approach would not only remove some of the uncertainties in prices and
supplies of valuable substances but could contribute to reducing the risk of highly
detrimental effects on the environment should these substances be commercialized
on a large scale.

Sustainable Development

The recovery of areas that have already been degraded by activities such as mining
or lumbering is an important testing-ground for agroforestry projects based on
species that are native to the region. Such projects can play a significant role in
reversing destruction of the rainforest and may even be necessary to complement
short to medium-term initiatives that add value to products that are already
exported from the region (/0) since considerable investment and human effort will
have to go into biodiversity prospecting activities before any return for local
populations can be expected.

The Amazon Region should not be primarily considered a source of raw
materials, however. Experience from several projects supported by government
agencies as well as some that were run by powerful international concerns raises
serious doubts as to the viability of large-scale agricultural projects in the region.
Unlike rainforests in other parts of the world, such as Southeast Asia or Central
America, soils in the Amazon are poor and largely unable to neutralize the effects
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of constant weathering (/7). Domestication of tropical species is essential for the
development of any adequate cultivation methods for native plants, but it requires
considerable time and research (It is noteworthy that, up to now, only one specie
is considered completely domesticated in the Amazon (12)). Chances for success in
agroforestry are probably closely linked to the possibility of developing specific
systems that optimize symbiotic relationships among species that thrive on and
protect certain types of soils, as is the case in natural ecosystems. With very few
exceptions, this implies use of small-scale, diversified projects.

Many local communities in the Amazon already have a knowledge base that
suffices for sustainable management of a very small fraction of the region’s
biodiversity and have put its bioactive compounds to good use. Access to this
knowledge requires developing new types of relationships with people who have
their very own standards of living and scales of values. This is, however, no simple
task. Alone the elaboration of a comprehensive strategy to face the problem is an
extremely complex undertaking (/3). It covers a gamut of socio-cultural issues that
range from the interaction with societies which are quite isolated from the rest of
the world (and live under rules and conditions that could be interpreted as very
primitive by those who are not aware of their inherent complexities) to
negotiations with large corporations whose international business strategies are
based on the cutting edge of technology. As these issues span scientific disciplines,
technical evaluations, commercial aplications, intellectual property rights and
international relations, expertise in many different areas must be combined in order
to identify all the relevant aspects of negotiations among interested parties.

Chemistry plays an important role in the analysis of propects for the
sustainable use of Amazon biodiversity. Not only does it provide a link to the
technical jargon of the disciplines involved; but its practitioners are quite familiar
with the interplay between R&D and the marketplace. It is also required to monitor
the natural cycles that are responsible for Amazon biodiversity as well as
anthropogenic sources of pollution that threaten it.
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Chapter 2

Natural Products as Medicinal
and Biological Agents

Potentiating the Resources of the Rain Forest

Geoffrey A. Cordell

Program for Collaborative Research in the Pharmaceutical Sciences,
Department of Medicinal Chemistry and Pharmacognosy, College
of Pharmacy, University of Illinois at Chicago, Chicago, IL 60612

As we consider the devastation that is wreaked on our planet each day, and how a
burgeoning global population and rising economic wealth have literally changed the
appearance of the landscape during our short lifetimes, we are constantly reminded that
many of the earth's resources are unknown. Perhaps nowhere on Earth is this more true
than the Brazilian rainforests. Even at a time when we are exploring the planets and
beyond, in truth we know relatively little about the potential of our own, rather small,
biologically active corner of the cosmos we call Earth. Whether it is the marine
environment, the plant kingdom or even our own biological processes, there are
fundamental questions which remain unanswered.

In terms of resources, particularly those which would be both economically useful
and renewable in a finite time period, for example 10-20 years, we have barely initiated
our quest. Ralph Waldo Emerson, the 19th century American philosopher wrote "What
is a weed? A plant whose virtues have not yet been discovered". For "plant" one could
substitute insect, marine animal, fungus, etc, the relevance of the comment remains the
same. Namely, that the potential is enormous.

Yet, at no other time in the history of humankind on this planet has biodiversity
been so low, the population so burgeoning and global economic development so rapid.
Thus, demands for more non-renewable energy, more disposable consumer products,
more drugs, more biologicals and more insecticides will inevitably increase for the
foreseeable future. For mankind to survive far into and beyond the 21st century, there is
a growing consensus that it will be vital to take specific actions to protect and develop
our environment under sustainable, renewable conditions. Failure to do so will mean that
the window of opportunity for the discovery of new medicinal and biological agents for
the 21st century that will be lost forever. In this rather brief presentation we will discuss
the historical use of plants and plant products as drugs, the developments that are
underway for the selection and the biological evaluation of plant extracts, and the
criticality of potentiating the resources of the rain forest for the drug discovery programs
of the early 21st century.

Every major civilization since the earliest records of human history have
employed plants as their primary source of medicament, as well as for food, shelter,
furniture, writing materials, cosmetics, and numerous other purposes. Traditions of
healing using indigenous plants were transferred between civilizations, primarily by the
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explorers, the priests, merchants, and eventually the scientists who challenged the vast
oceans, mountain ranges, jungles and deserts of Earth.

The elaboration of plants for their medicinal, nutritive (and culinary) value,
through trial and error, what we now call "drug discovery", has been an avid and essential
pursuit of mankind since prehistoric times. At this time in the evolution of scientific
thought, it is indeed pertinent to ask why the investigation of plants for their biologically-
active compounds should continue? And why these efforts have increased so
dramatically in the past few years? There are probably three reasons: firstly, plants have
yielded, and continue to relinquish numerous, biologically important lead structures.
Typically, these compounds possess structures which have yet to be synthesized or even
imagined by the traditional organic chemist or are compounds evincing new biological
activities for an established natural product skeletal class or individual entity. Such
compounds, therefore become prime candidates for the integrated chemical and biological
development of derivatives modified to possess enhanced water solubility, resistance to
gastrointestinal hydrolysis, specific biological activity and/or reduced toxicity. Secondly,
it is well established that globally, and for a variety of economic reasons, the tropical rain
forests of the world are shrinking at an alarming and possibly perilous rate. Thirdly, less
than 15% of all terrestrial plants have been investigated for more than one biological
activity, and this activity was probably a cancer-related bioassay. Important though it is
as a group of debilitating and deadly diseases, for most of the world, it is not the most
critical disease. Thus the potential for indigenous plants to contribute to global health,
and therefore the economies of nations is indeed significant, and vastly underestimated by
the nations of the North, where the expertise to integrate drug discovery into a finished
pharmaceutical entity typically lies.

Farnsworth has indicated that from the small portion of the 250,000 species of
flowering plants that have been investigated thus far, about 120 therapeutic agents of
known structure are isolated for commercial purposes from about 90 species of plant and
are utilized for the treatment of a diverse array of disease states. He estimates that
seventy-four percent of these 120 plant-derived therapeutic agents were discovered based
on ethnomedical records and exceptional use profiles (/). Some examples include the
notorious mandrake, Mandragora officinarum, and henbane, Hyoscyamus niger which
yielded scopolamine; Coca leaf, cocaine; opium, Papaver somniferum, which afforded
morphine and codeine, South American curare, Chondodendrum tomentosum, from
which tubocurarine is derived; Calabar bean, Physostigma venenosum, used as an ordeal
poison, which gave physostigmine; digitalis, Digitalis lanata, yielding the digitalis
glycosides; cinchona, which yielded quinine; ergot, Claviceps purpurea, the fungus which
infests rye, which yielded the alkaloids ergotamine and ergonovine; and Rauvolfia
serpentina, which yielded reserpine and deserpidine (2). In spite of this apparent
importance, and the incredible untapped wealth of the world flora and fauna of the world,
in the United States the percentage of drugs derived from plants declined steadily during
the 1930s, 40s and 50s. Consequently, prescription product surveys during the 1970s
and 1980s indicate that only approximately 25% of prescriptions filled contain a plant-
derived natural product (3).

Elsewhere, particularly in developing countries, or those where limitations on
imports due to currency restrictions and high prices inhibit the acquisition of "western-
made" drugs (4), medicinal plants continue to represent the primary source of medication.

Indeed, the World Health Organization has estimated that this situation pertains for
approximately 88% of the population in the developing countries (/), or approximately

In Chemistry of the Amazon; Seidl, P., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Downloaded by UNIV MASSACHUSETTS AMHERST on October 15, 2012 | http://pubs.acs.org

Publication Date: March 31, 1995 | doi: 10.1021/bk-1995-0588.ch002

10 CHEMISTRY OF THE AMAZON

3.4 billion people. In China, for example, which has about one-fifth of the worlds'
population, 7,295 plant species are utilized as medicinal agents. As we consider the
future development of medicinal and biological agents we need to consider whether these
daily experiences merit further investigation.

Tropical Rain Forests-A Potential Source of Medicinal and Biological Agents?

It is widely considered that both philosophically and pragmatically, a nation has three
forms of wealth: material, cultural and biological. The Earth began forming 4.5 billion
years ago and man developed on Earth approximately 3.5 million years ago, a time which
coincided with the greatest biological diversity ever. While much has been written on the
impact of reduced botanical diversity and increased deforestation on the environment and
the ozone layer, the presumed immense, mostly untapped, chemical and biological
potential of the biome (fauna and flora) has been largely ignored. But what is this
potential? Unfortunately, since the number of species in the biome is not known, in
statistical terms this becomes an impossible question. However, there are some
approximations, for example it is believed that there are about 350,000 species of
vascular plant, about 200,000 species of marine invertebrates, and about 1.5 million
species of terrestrial animal, insect, arthropod and other living organisms. It must be
emphasized that these are estimates, and that new species of organism are constantly
being discovered. For example, a new whale species was discovered in 1991, three new
plant families were found in Central America in the past ten years, less than 10% of the
insects in some groups have been categorized, of an estimated 1.5 million fungi, only
about 70,000 have been described, and the number of deep sea organisms is completely
unknown (5).

At the present the tropical rain forests are the richest concentration of biota, be
they plants or arthropods. For example, a one hectare plot in Kalimantan, Indonesia
yielded approx. 700 species of plants (6), and a single tree in Peru yielded 43 ant species
in 26 genera (7). Yet every year 42 million acres of tropical rain forest are permanently
lost, or approximately one football field every second. Every day we waste non-
renewable resources for very short term gains; eliminating species at an alarming rate
without having previously collected the germ plasm. This wanton destruction of the
tropical rain forests has been described as "one of the great tragedies of all history", and it
may well be that our children and their children will see this as an unforgivable,
devastating legacy. A legacy which has resulted in a biome whose diversity is at its
lowest point since the Mesozoic Period 65 million years ago. Species diversity is
probably our planet's most important and irreplaceable resource. Yet it is estimated that
one-fifth of all species may disappear in the next thirty years (8). Once exterminated,
species regeneration, if at all possible, will take 5 to 10 million years.

In addition to the disastrous loss of the rain forests there are other losses. For the
loss of, or encroachment on, habitat eliminates vertebrate and invertebrate species, fungal
and bacterial flora, and in some instances, the indigenous population, which over many
generations has evolved an accumulation of invaluable ethnomedical knowledge. While
some may say this is patronizing, the fact remains that if these tribes have not been
studied and the knowledge of the shamans catalogued, the information will be lost
forever. Such losses of the biome and the knowledge of the value of the local biome are
irreversible and permanent.
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Following the Earth Summit in Rio de Janeiro in 1992, now, more than ever
before, there is a heightened global awareness about the devastation of the tropical rain
forests, in Asia, in Africa and in Central and South America. This Convention on
Biological Diversity commits signatories to substantive action in many areas (9),
including: development of national plans, strategies or programs for the conservation and
sustainable use of biodiversity; inventory and monitoring of components of biodiversity
and of processes adversely impacting it, development and strengthening of mechanisms
for biodiversity conservation, restoration of degraded ecosystems; preservation and
maintenance of indigenous systems of biological resource management, and equitable
sharing of benefits with such communities; and integration of biodiversity concerns into
national decision-making.

Because of the structural and biological diversity of their constituents, and their
long history of indigenous medicinal use, it is widely considered that terrestrial plants
offer a unique and renewable resource for the discovery of potential new drugs and
biological entities. However, the vast, albeit rapidly shrinking, research base from which
to draw samples for biological evaluation poses an interesting challenge. For in the recent
past, numerous, increasingly sophisticated, systems for the biological detection of active
compounds (vide infra) have appeared, therefore, it is pertinent to ask "What is to be the
nature of the materials to be evaluated?" and "How do we responsibly use both the
renewable (i.e. the sustainable) and the non-renewable resources available to us as
effectively as possible?" and "How do we find the proverbial needle (active compound) in
the haystack (plant kingdom)?" Is there the potential for an intellectual step involved in
providing the samples for bioassay, or is the only approach random?

Stages in Natural Product Drug Development

The discovery of a lead candidate medicinal agent from a natural source involves several
discrete and unique steps, including: i) the selection, collection and unambiguous
identification of the organism, ii) the preparation and evaluation of an extract in an
appropriate array of automated in vitro test systems, iii) prioritization of the plants to be
further studied, iv) bioactivity-directed fractionation, and v) structure determination of the
active isolate(s). The remaining stages of additional biological, toxicological and
pharmacological testing are the same for synthetic or natural products (/0). These drug
development studies are presently estimated to cost over $230 million for a given drug to
reach the stage of approval for marketing. Much has been written about what costs are
included in estimating this figure, but in any event is an unacceptable number. It is
inappropriate for the richest developed nation, and is an absurdity for a developing nation,
whose country may well have been the original source of the lead compound which
eventually became the medicinal agent for therapeutic evaluation.

Before we explore that pathway though, let us examine some of the steps
involved in this preliminary drug discovery process in more detail, for they are frequently
given short shrift by those who have not experienced them. There are five systematic
approaches for the selection of plants that may contain new biological agents from plants:
the random, the taxonomic, the chemotaxonomic, the information managed and the
ethnomedical. In the random approach, all available species are collected, irrespective of
prior knowledge and experience. In the taxonomic approach, plants of predetermined
interesting taxa are sought from diverse locations. In the chemotaxonomic approach, a
particular compound class, e.g. coumarins, may be considered as having biological
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interest, and plants likely to produce related compounds are collected. In the information
managed approach, plants of proven biological activity which are unlikely to contain
known active agents are collected in the hopes of discovering novel chemical agents.
Finally, in the ethnomedical approach, credence is given to clinical, oral or written
information on the medicinal use of the plant, and, based on an evaluation of this
information, the plant is collected.

For any of these collection strategies, the most rational procedure is to test the
material in a range of bioassays. Following prioritization, the active leads are fractionated
through bioassay-directed fractionation for their active principle(s). Depending on the
circumstances and even at different stages in the same discovery and development
process, there are merits to each of these collection strategies. For example, it may be
necessary at some point if the lead compound for development is isolated from a natural
source, that a strategized search for alternative sourcing of the compound becomes
important. The history of the development of taxol as a clinical entity bears witness to
these changing strategies. A sixth "approach”, a non-systematic one, is serendipity,
where collection based on one bioactivity or ethnomedical use of the plant leads to the
discovery of another bioactivity of commercial significance. The bisindole alkaloids of
Catharanthus are an exquisite example in this sense, where the ethnomedical use of the
tea of C. roseus as an antidiabetic agent led to the discovery of its antileukemic properties
through opportunistic scientific observation and interpretation. For the purposes of the
discovery of new medicinal and biological agents from plants, I believe that a combination
of the ethnomedical and the information management approaches will be found to be the
most productive.

Targeted application of the ethnomedical approach to a discovery program
requires both the collection and prioritization of existing ethnomedical, chemical,
biological and clinical data. In this way, plant collection can focus on the acquisition of
plants which are most likely to yield biologically interesting new compounds for potential
development. Unfortunately, the requisite information needed for such decision-making
is very highly scattered. The only place in the world where this information is being
collected for analysis on a global basis is the NAPRALERT database at the University of
Illinois at Chicago (/7). Through this computerized system, a list of plants can be
weighted for their diverse ethnomedical, in vitro, in vivo, and clinical activities in order to
identify those plants which would be a high priority for collection in the initial phases of a
drug discovery program. Such a final list may be achieved for a given biological activity
by gathering data sets on plants which have been studied for their active principles,
ethnomedically reported plants with that or a related biological activity and plants for
which a biologically activity has been experimentally established, but for which no active
principle has been obtained. A comparison of these data sets affords a prioritized list of
plants which have, or which are reported ethnomedically to have, a relevant biological
activity, but from which no active metabolite has been obtained. A systematic collection
plan for the listed plants is then developed. The evolution of any kind of directed strategy
for plant collection is a relatively unappreciated, and sometimes poorly understood,
aspect of natural product drug development (/2).

Extraction and Biological Evaluation of Extracts

Two critical decisions are then necessary once the plants have been collected and
identified. How are the plants to be extracted and how are the extracts to be evaluated
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biologically? Although these decisions are reversible, the costs involved may well be
substantial, particularly in the event that substantial numbers of extracts are to be
screened in a random approach. Any such decisions are likely to be a compromise which
reflect a variety of local factors. Most groups opt to evaluate an organic and an aqueous
extract prepared following an alcohol-based extraction and partition of a dried plant
sample, although some groups prefer to extract fresh-frozen plant material. If receptor
and enzyme inhibition based assays are being used, it is essential that the extract(s) be
tannin-free, lest a large number of false positive leads be obtained. This usually is
accomplished through either the use of a resin or a complexation/precipitation technique
(13-15). The extraction of large numbers of random samples for biological evaluation is
regarded by some companies as a rate-limiting step and indeed there is substantial room
for improvement in the steps involved between a plant and the preparation of 96-well (or
384-well) plates containing the extracts. Some examples include supercritical fluid
extraction and the use of various resins and size exclusion materials, which might
concentrate materials in ways other than polarity and solubility.

It is critical that we use our increasingly scarce germplasm resources
expeditiously for drug discovery, and answer the question of what are the major national
and global diseases where drug discovery efforts are needed to yield new therapeutic
agents? These major diseases include cancer, heart disease, malaria, schistosomiasis and
other tropical diseases, herpes, AIDS and an array of other viral diseases, diabetes, senile
dementia and a variety of other neurological diseases. Numerous factors impinge on a
decision as to which therapeutic target areas are to be pursued by individual companies,
but in any event, a preliminary bioassay or series of bioassays is needed, and this aspect of
drug discovery has recently been totally transformed by a burgeoning technology (15, /6).

Two facets, an improved, though substantially incomplete, understanding of the
molecular basis of drug interactions, as well as substantial progress in the ethical and
judicious use of animals in research, have substantially altered the basic philosophies of
programs for the discovery of new medicinal agents. Formerly, the so-called Hippocratic
screening method was given credence for the evaluation of a wide variety of biological
activities of medicinal plants (/7). However, the method typically permits only gross
responses to be observed, requires large numbers of animals and for the purposes of
biodirected-fractionation, necessitates ecologically unreasonable large samples of
numerous plant extracts. It is now considered more appropriate to consider such animal
experimentation to be important to look for gross responses at a time when a lead
candidate structure has been identified.

The enhanced availability of receptors, enzymes and cell systems has permitted
these entities to be considered as viable means for the evaluation of very small amounts of
a sample on an automated basis. This, in turn, has led to another important change,
namely the rate at which new biologically active entities can be discovered. Whereas it
previously took weeks or months to test a few hundred samples, it now takes, for some
assays, only a matter of hours. Whole cell, enzyme-based, and receptor-based assays are
now quite routine in many therapeutic target areas, and the emphasis is shifting rapidly to
genetically-engineered assays which evaluate the ability of a compound to interfere with a
biological process in an exceptionally specific manner.

Irrespective of the in vitro assay, a number of criteria must be met. For example,
the assay should be relatively simple and straightforward, so that it can be run without
elaborate preparation or training of personnel. It should be accurate, i.e. capable of
meaningful quantitation with a reasonable margin for error. It should be reproducible,

In Chemistry of the Amazon; Seidl, P., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Downloaded by UNIV MASSACHUSETTS AMHERST on October 15, 2012 | http://pubs.acs.org

Publication Date: March 31, 1995 | doi: 10.1021/bk-1995-0588.ch002

14 CHEMISTRY OF THE AMAZON

both on a day-to-day basis and on a lab-to-lab basis. It should be selective, i.e. that only
the individual biological event or process of interest is evaluated. It should be very
sensitive, probably down to about 0.0001% of an active compound in an extract, based
on the dried weight of the original organism. It should be fast and not require extensive
delays for results to be obtained. Finally, it should be economical in terms of preparation,
reagents, and labor costs, particularly if thousands of samples are to be evaluated. Finally,
an assay possessing these qualities would be limited value unless it was both at the
forefront of the biological category under study, and hopefully predictive of a therapeutic
activity. Once the discovery of a biologically active chemical entity has been made, the
question of protecting that invention arises.

Intellectual Property and Patent Issues

Through the international system of patent law, pharmaceutical companies, institutions
and individuals have been afforded the option of being able to protect and derive
exclusive reimbursement from an invention, even where it is discovered through the
approach of trial and error. There is indignant outrage when these inventions are
infringed upon, i.e. "stolen", by others without their knowledge and without due
compensation. It is now a matter of considerable discussion that these same moral and
ethical questions surrounding the application of similar standards to indigenous
biodiversity and ethnomedical knowledge. For it has been the case historically that even
when the "discovery" is based on hundreds, or perhaps thousands, of years of deliberate
trial and error by an indigenous society, "property" claims often are ignored.

This indigenous knowledge of the use of plants as medicinal and biological agents
is regarded now as an important tool in the discovery process, and also as evidence for
the sustainable development of the tropical rain forests. However, for sustainable
development and appropriate compensation to become a reality, a significant change in
heart must occur within the pharmaceutical community, so that the initial knowledge
which yields the lead and a portion of the profit that is acquired from the discovery of say
a novel anti-inflammatory agent from a traditionally used medicinal plant is adequately
compensated. Training programs for local scientists to assist them in initiating their own
discovery programs are also essential. A recent series of articles (/8-22) and books (23-
25) has brought sharp focus to these issues.

In their global collection program, the National Cancer Institute has made specific
commitments with respect to compensation in the event that a commercial discovery is
made, and in addition is offering to train local scientists in its intramural laboratories (26),
and the Merck Research Laboratories-INBio agreement in Costa Rica has led the way in
stimulating discussion regarding compensation and the development of indigenous
scientific infrastructure (27). Glaxo Research and Development has also published its
policies regarding the sourcing of materials for its drug discovery programs and Gore has
indicated (28) that for developed and developing countries "Access to native resources
and protection of intellectual property are complementary concerns”.

Of course the protection of indigenous rights and the avoidance of
uncompensated exploitation has also been an issue for many countries and groups
throughout the world. As a result a number of declarations of intent are available for
consideration, for example, those of Belem (29), Goteberg (30), Chiang Mai (3/),
Kunming (29), Bethesda (32), the Hipolite Unanue Agreement (29), and UNESCO has
published the Manila Declaration and the Bukhit Tinggi Declaration. These statements
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arose from conferences addressing the loss of species diversity or the ethical issues and
the codes of professional practice which should be followed. One hopes that all scientists
and institutions working in this area are concerned that less-developed countries are not
further exploited for their local resources without adequate current and future
compensation. To do otherwise would be to lose the ethical and moral basis of natural
product drug discovery, and would undoubtedly lead to exclusion from development
rights.

The issue of what can and cannot be patented bears directly on the
commercialization of discoveries made through the ethnomedical properties of a
particular plant. It has been argued that the "non-obvious" requirement for a patentable
invention would preclude patenting a compound derived from a traditionally used plant.
However, this is not the case, since there are patents on the use of insecticides from
Azadirachta indica, to give just one example. The argument being that while the use may
be obvious, the nature of the active ingredient, the scope of activity and the
pharmacophoric unit are not available through prior art.

It is generally acknowledged that a natural product cannot per se be granted a
patent solely as a new composition of matter. Although somewhat curiously, NIH is
trying to patent parts of the human genome as they are identified, even before their
biological significance has been recognized. Presumably, if these patents are awarded,
every new natural product would also be eligible for protection. Emerson's comment
regarding plants as weeds is also relevant at this point. However, protection for a process
for the isolation of the compound, and/or a new or unanticipated biological response for a
new chemical entity from a natural source can be afforded patent rights.

For reasons which are at a minimum arcane, a patent describing a new biological
response for a known compound has substantially less esteem than one which involves a
new chemical entity. Long term, this is very detrimental to the costs of drug development
and thus health care. It has become apparent that although protection for an investment
is certainly justified in terms of patent rights, with the rapid changes that have occurred in
biology in the past ten years, this protection should in the future be based more on
biology than chemistry. It can be predicted that as more highly selective agents are
disclosed, numerous known compounds will be discovered which have novel biological
actions of potential clinical utility. Yet without protection, these known readily available
and therefore cheap compounds will remain "on the shelf" in favor of a higher priced, less
available entity associated with novel chemistry. The ability to protect these discoveries
of biological effectiveness should not be compromised by a lack of chemical novelty, for
it has a direct bearing on the cost of bringing a clinical entity to the market place and thus
health care costs overall.

The 21st Century

Since it takes 10-20 years to bring a drug discovery from the bench to the pharmacy or
hospital setting, we are already engaged in drug discovery for the 21st century. Is there
then a future for the discovery of medicinal and biological agents from plants? In the
opinion of this author, while new, biologically important, therapeutically relevant, natural
products continue to be isolated and provide lead compounds for future development,
and while the search continues for natural, non-polluting insecticides and herbicides, the
future will remain increasingly bright. But in practice what does this mean? What are the
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future challenges in developing the origins, the chemistry and the biology of natural
products?

There are numerous additional facets of this broad topic which could be
considered in contemplating the future. Economically and socially perhaps the most
important is to evaluate the potential origins of the medicinal agents fifty years from now
(10,33). While the cost of the chemicals involved is relatively cheap, synthetic
modification to existing drug entities for the purposes of enhancing and/or reducing
activity remains an attractive focus of drug development. Eventually, however, as
competition between developed and developing countries for rapidly diminishing oil
resources increases, and as economic standards in developing countries rise, so the
pressure on the prices of fine chemicals will dramatically increase. This will have an
immediate effect on the price of all synthetic and semisynthetic drugs, and may result in
prohibitively expensive drugs. The ethical arguments that are just beginning to surface
with respect to the cost effectiveness of continuing treatment will become even more
cogent.

Back to Basics. The opportunities to develop new medicinal agents or other
economically useful compounds are extremely limited; indeed they are two, synthetic or
natural. A compound may be totally synthetic, partially synthetic (with a naturally-
derived core) or genetically engineered. In the latter category, terrestrial and marine
plants, animals and microorganisms are our only available sources. As a global society,
any of our actions which jeopardize these natural resources also diminish the potential
availability of new medicinal and biological agents, probably permanently. Hence the
fundamental need to ensure that ethnomedical information is both appropriately
catalogued and compensated before the thousands of years of passing on substantially
unwritten, precious remedies are also forever lost.

There is irrefutable statistical evidence that the tropical rain forests and the
indigenous cultures that have tended these environments, are a potentially immense
source of biologically active compounds. On the one hand, the ethical and moral precepts
briefly discusses above regarding the discovery of biologically active compounds from
indigenous sources are of extreme importance for the future of the global pharmaceutical
industry. But the very existence of these resources remains under dire threat (25).
Realizing this, many pharmaceutical companies are developing their own germplasm
banks and racing to collect as many samples of the worlds flora. New and important
drugs and biological tools will undoubtedly be found as a result of any systematic
investigation of these resources, as well as from the ethnomedical leads provided from the
existing literature and the local shamans. How such work is done at a particular
pharmaceutical company is probably more related to strategic choices.

The tools needed for such studies of our ethnomedical and biological inheritance
are available, there is an adequate supply of expertise, and some outstanding laboratories
in several countries, and there is no shortage of pharmaceutical companies to convert a
drug discovery to a finished product.

However, if we are to optimize the development of the existing biome, a quite
different approach is required, for this beautiful little corner of the cosmos has extremely
limited resources. Much has been said and written about the potential of the rain forests
to yield new crops and new biological and medicinal agents based on the established
biological diversity of species in a given area (23,34). But relatively little has actually
been done; thus the proof of such potential is lacking.
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Globally, what is needed is a multinational, interdisciplinary program in which a
multitude of plant, animal and insect species could be evaluated for their medicinal and
biological potential and their germplasm stored. Coordination by a major international
funding agency and sponsorship by governments, pharmaceutical and agrochemical
industry, and philanthropic foundations around the world would be needed. For the long
term health of mankind, I believe the question is not whether this will be done, but rather
when will it start.

What are some of the challenges then for the 21st century? I believe that they
include: preservation of the rain forests and the oceans; maintaining and systematizing the
biodiversity, cataloging the ethnobotanical information; automating the high throughput
screening; developing in-field bioassays, assuring intellectual property rights for
indigenous peoples and maintaining and enhancing germplasm banks. It is apparent that
we have a window of opportunity available while biodiversity is still substantial and not
completely outpaced by testing capacity. It is essential that we use this period in the
history of Man wisely.

As a unique community in the cosmos, we must carefully consider the
environmental, medical and economic options that we have available. In this regard, the
circumstance of pharmacognosy and the biome today are well described by the immortal
words of Charles Dickens from 4 Tale of Two Cities come to mind: "It was the best of
times, it was the worst of times, it was the age of wisdom, it was the age of foolishness, it
was the epoch of belief, it was the epoch of incredulity, it was the season of light, it was
the season of darkness, it was the spring of hope, it was the winter of despair."

In presenting and discussing the future of plant-derived drug discovery I have
chosen to see the best, the wisdom, the belief, the light and the hope. Not to do so would
truly be inhumanity to our future generations. Let me close, as I began, with a quote
from Ralph Waldo Emerson, "We did not inherit the earth from our forefathers; we are
borrowing it from our descendants".
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Chapter 3

Economic Plants of the Amazon
Their Industrial Development in Defense of the Forest

Benjamin Gilbert
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Campinas, 13081-970 Sao Paulo, SP, Brazil

In order to slow or halt rainforest destruction, high value non-
timber products from native species offer perhaps the only source of
income for local communities capable of competing with timber and
cattle-raising. Such products include special nutrients (especially -
carotene and vitamin E), perfumes and aromatherapy materials,
animal ration from wastes, toilet soap of rainforest origin, natural
insecticides, exudates and balsams for mainly topical medicinal use,
pharmaceutical products of natural origin.

If local populations are to benefit at an economic level which
induces them to prevent further degradation of their resources then
manufacture of finished products has to be conducted locally so that
an appreciable proportion of the final value remains in the region.

The role of sustainable industries in the preservation of the rainforest has long been

recognized but scarcely ever implemented on a scale sufficiently large to halt the

ongoing destruction of these vast natural air-conditioners. The causes of forest
destruction are many but the important ones in present-day Brazil can be
summarized under two heads:

o slash-and-burn agriculture practiced mainly by immigrants from the south of the
country,

o highly lucrative industrial operations which exploit some natural resource such
as wood for timber (Note 1) or for charcoal, these often practiced by large
companies whose headquarters are outside the region, or by their local
suppliers. One such lucrative operation, "garimpo" gold-mining, is individual
rather than company controlled but in this case too most of the financial gain
leaves the region.

1t is very difficult to halt either of these classes of activity because the first
is a plain necessity of existence for people who have come from outside the region

0097—-6156/95/0588—0019$12.00/0
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Note 1

Timber, if worked rationally, could be the most important sustainable forest
product. However in present practice all trees of economic trunk diameter, usually
greater than 50 cm measured above the broad, often buttressed base, are felled.
Some 55% of the forest, in terms of trunk sectional area, survives (Uhl, C; Vieira,
I.C.G. Ciéncia Hoje (Rio de Janeiro), special vol. "Amazdnia", Dec. 1991, 108-
115). to replace the felled timber. In Juruena municipality, Mato Grosso, a rich
source of high value woods, it has been estimated that commercial timbers will be
exhausted in 10-20 years at the present rate of exploitation (Van Leeuwen, J.;

Silva, Y.T. Pronatura-ICI, Juruena Project Report. "Agroforestry and other

research proposals for sustainable land use in Juruena, MT, 1992, p. 12), whereas
if hardwoods such as are being exploited grow at a rate of 0.5 cm/yr. trunk

diameter then at least a century will be needed to replace those cut even if
replanting is conscientiously undertaken. The present deficit in replacement of
timber stocks has been described by many authors (see Jansen, M.R.A.; Alencar, J.
da C. Bases Cientificas para Estratégias de Preservacio e Desenvolvimento
Amazdnia: Fatos e Perspectivas, vol. I, Inst. Nac. de Pesquisas da Amazdnia,
Manaus, 1991, 187-195).

Note 2

CACEX, Brazilian Government Overseas Trade Office, published data show that
copaiba oil was exported to the United States at $ 3.34/k fob (12.6 tons); to the
UK at $ 4.05/k fob (7 tons); to Germany at $ 5.06/k fob (4 tons) and to France at
$ 4.22/k fob (5 tons), in 1992 (Jan-Nov). The total export of 25 tons, in this period
had decreased from 51 tons in 1990. Most cosmetic and over-the-counter
pharmaceuticals sold in the UK in 1992 contained only very small amounts of
tropically derived balsams - the total terpenoid content of a typical ointment, of
which about 0.2% was collected natural exudate, costs about $ 800/k to the public.
On an average there seems to be a mark-up of about 200 times between Brazilian
exporter and the first world public, and there is an estimated mark-up of 10 times
from collecter to exporter through three to four intermediaries. Brazil nuts were
exported for 81 cents/k to $ 1.05/k in 1992, or when shelled and dried, for $1.49/k
to $1.98/k, with a total export of nearly 24,000 tons ($ 32 million). The price to
the collectors themselves for unshelled nuts was $ 0.07/k [Brooke, J. quoting Clay,
J. (Cultural Survival Enterprises). New York Times, April 30, 1990, p. D12] and
the author's estimate of the net cost to the American public of shelled nuts in
candies derived from the same source is around $ 250/k. Over 99% of the added
value is generated outside the country and a further 92% of the remaining 1% does
not reach the collector.

Note 3

The estimate of the world cosmetic market at retail level as $ 40 billion annually is
based on, for example, the Chem. Eng. News yearly Product Reports which give
the US cosmetic consumer market at around $16-18.5 billion in 1990-1993
consuming over $100 million of natural raw materials (see, for example, Chem.
Eng. News, April 20, 1992, 31-52 and April 26, 1993, 36,38). For the insecticide
and related agrochemical market at $7 billion see, for example, von Szczepanski,

Ch. v. in Crombie, L. editor Recent Advances in the Chemistry of Insect Control
II, Roy. Soc. Chem., Cambridge, UK, 1990, 1-16).
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and know virtually nothing of its resources, and the second is so profitable to those
engaged.

Thus in suggesting sustainable industries for the Amazon region these must
both satisfy the immigrants' necessities and provide a profit margin that is
competitive with the extractive operations that are already going on. Low priced
"commodities” such as natural rubber do not satisfy these criteria, nor do
extractive activities such as copaiba oil and Brazil nuts when conducted in their
traditional manner, which yields only a few cents per kilo to the collector for
products that are often retailed to the first world public by "natural product"
retailers at a price a thousand times higher (Note 2).

Natural products including those just mentioned, when elaborated and
packed in their final retail form do provide a sufficient margin to satisfy the criteria
formulated above so long as the operation is carried out locally as far as this is
feasible. If the world cosmetic market at retail level is $ 40 billion annually, and the
insecticide and related agrochemical market $ 7 billion (Note 3), then the capture
of 1% of these two markets with natural products from Amazonian producers
would provide $ 470 million, sufficient to stimulate a real on-going effort for
sustainable agroforestry in the region. The present article describes how this may
be done.

It will be appreciated that the Amazon basin is about as big as Europe,
excluding European Russia and the Ukraine, or about half as big as the United
States. Just as in Europe or the USA there are many habitats in the Amazon and
for each of these a distinct sustainable industrial project based on the products
native to that particular habitat must be elaborated. Some broad classifications
given below help one to design projects that are diversified and economically
viable.

Classes of Natural Products

The classification of commercializable or potentially commercializable natural
products can be made in three ways.

Classification L. Origin:
(i) Extractive products, that is, products whose exploitation requires neither
clearing nor plantation.
(i) Products of forest management, whose production requires some kind of
agroforestry operation when continuing supply is envisaged.
(iii) Products derived from the plantation of devastated or marginal areas.
This classification determines the nature of the primary operation.

Classification IL. Nature of the product:
(i) Vegetable oils and fats, usually obtained by expressing or extracting fruits or
seeds.
(i) Essentials oils, obtained by steam distillation, extraction or direct distillation
of plant material or by a combination of such processes.
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(iii) Non-glyceride, non-terpene oils or liquids, usually obtained by extraction

and concentration.

(iv) Waxes, resins and latexes.

(v) Gums.

(vi) Crude extracts, obtained by the extraction with water, ethanol or other

medium, of vegetable material followed by concentration to a paste or dry

powder.

(vii) Pure or semi-pure products, usually solid, normally obtained from the

extracts by physical procedures.

(viii) Powders obtained mechanically from the plant material or without

extraction.

The subdivisions (vi), (vii) and (viii) include the majority of the colours,

aromas, medicinals and pesticides which are classified below. Classification II
determines the nature of the industrial installation.

Classification ITL. Use:

() Food and Drink additives

. vegetable oils and fats;

. aromas and flavours;

. colours;

. antioxidants and conservative agents;

. theological agents (thickeners and gels);

. surfactants (emulsifiers and humectants);

. sweeteners or bitter principles;

. vitamins, provitamins,nutrients,non-nutrients;

. others.

(ii) Cosmetic and Perfume materials

. oils and fats;

. fragrances;

. pigments;

. theological agents;

. others.

(iii) Medicinals.

(iv) Insecticides or products for agricultural use or human and veterinary

disease control.

(v) Specialities for industrial use.

(vi) Starting materials for industrial chemical transformation.

(vii) Animal feed

. cellulose containing biomass;

. high nutrient wastes such as oil-cake;

. high protein native and cultivated plants;

This classification is directly associated with marketing and with recognized

local needs.
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Market is of course a basic factor that must be borne in mind when
designing a project for a particular region. For a product elaborated and brought to
retail condition in a Brazilian Amazonian locality (there is nothing unrealistic about
this; one needs only to visit the sophisticated Manaus industrial estate) there are
essentially three markets: the local one,the national one, that is, Brazil outside the
Amazon, and the export market comprising chiefly the first world. These markets
represent not only different types of demand, they have different regulatory laws
and this means that a product adequate for, say, the local and national markets may
not be exportable. This is particularly true of natural medicinals which are so often
presented as the economic salvation of the rainforest but which, at the moment,
cannot figure in any short term economically based development project because of
the very high cost of taking a medicinal plant's active component through the
regulatory requirements of a first world country. Natural medicinals however do
figure very importantly in the solution of local health needs, and, as a first step, the
identification of active components, efficacy, side-effects and practical application
in public health is a research priority.

Location must also be taken into account when a project is elaborated. For
example, it is quite feasible to produce a toilet soap based exclusively on
Amazonian materials in Serra do Navio, Amapa and put it in a container on board
ship at Santana for perhaps 15 cents a wrapped 90 g tablet, because there is a
railroad from the forest location to the port. The same bar of soap produced in
Juruena, Mato Grosso - a most important location since it is right on the frontier of
the advancing immigrant and lumbering communities - would have to travel 910
km by road - mostly unpaved and passable only with difficulty in the rainy season -
to reach Cuiab4, itself more than 1600 km from the port of Santos. For such a
location a higher priced speciality is needed. A number of concrete possibilities will
now be examined.

Vegetable Oils and Fats

There are a number of species whose fruits contain glyceride oils either in a pulpy
mesocarp or in a, usually, nut-like kernel. In many cases these oils or fats occur in
practical amounts and the plant source is sufficiently abundant naturally to make
plantation unnecessary (/-4). There are some species which have been improved by
selection, often by indigenous peoples, and have been adapted to plantation.
Among the first the buriti or miriti palm (Mauritia flexuosa) exists in stands that
may cover a 1000 km? at a time in the wet areas along the main river from Iquitos
in the west to Marajo island in the east. Astrocaryum species like tucumai are also
exceedingly abundant. Both these latter yield red pulp oils of the oleic type
containing from 1000 to 2000 ppm of B-carotene, about double the concentration
found in palm oil from Elaeis guineensis (5, Mambrim, M.C.T.; Barrera Arellano,
D. Oleagineux, in press.). Babagu (Orbygnya martiana) appears in even bigger
stands in south-eastern marginal areas of Amazonia. Here the oil, of the lauric type
(6), is in the kernel and is already an internationally sold commodity. A genetically
improved palm is pupunha or peach palm (Bactris gasipaes) which would probably
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be the best native species for propagation in areas which have been cleared and

sustain a rural population (Z,7). Over the years much research has been carried out

and published on the pulp and kernel oils of palms, particularly in Belém and

Manaus, and their industrial and commercial potentialities can be assessed from the

results of these studies (/-13).

Non-palm oil species include piquia (Caryocar villosum) which is quite
abundant in the "terra firme" primary forest and, like the related piqui (Caryocar
brasiliensis) which grows in the "cerrado” or poor soil areas found in various parts
of the Amazon, possesses a workable content of a "butter" containing, like buriti
oil, a high percentage of B-carotene (8,1/). A really hard fat, mostly trimyristin, is
obtained from the seeds of the abundant Virola surinamensis and V. sebifera, the
ucutiba trees (3) At the other end of the scale the Brazil nut tree (Bertholletia
excelsa), also adapted to relatively dense stands, yields a highly unsaturated nut oil
which, appropriately stabilized, provides a nutrient high in linoleic glycerides
9,10).

Some oils are not edible. An example is the bitter andiroba (Carapa
guianensis) seed oil which contains oxygenated triterpenoids suspended in an oleic
type triglyceride oil (12,14). The oil's analgesic or anti-inflammatory as well as
insect-repellent properties well known locally have attracted the attention of both
Brazilian and international cosmetic and over-the-counter pharmaceutical
manufacturers.

The more abundant species which provide oils or fats adaptable to the
needs of the food, special nutrient and cosmetic industries are listed in Table 1.
Production of these and many other oils was a regional home industry in the past
and still supplies communities that do not have access to commercial oils like soy
oil from the big plantations of the south. Revival of the industry depends on the
creation of specialist markets as commented above and can be made far more
efficient by the introduction of solar pulp drying, mechanical oil-pressing and
filtration, all of these simple technologies which widely available electrical power
makes possible at the rural community level. Specialist markets include:

e [B-carotene at its natural concentration or concentrated by, for example,
freezing out of the more saturated glyceride components of buriti, tucuma or
piquia oils;

e base components for cosmetics containing defined concentration ranges for
carotenes, tocoferols or tocatrienols and mono- and di-unsaturated fatty acids
as glycerides, taking advantage of the wide melting ranges available from the
hard ucuuba fat through the butter-like pequia pulp oil to the low melting
Brazil nut and Oenocarpus (pataué and bacaba) oils;

e analgesic or anti-inflammatory creams based on andiroba oil as OTC skin-care
products;

o salad oils of the triolein type based on pataua pulp-oil.
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Animal Feeds

Animal feedstuffs (Table 2) are a natural by-product of vegetable oil manufacture
because this latter results in a variety of residues such as palm fruit pulp fibre and
Brazil nut or other kernel oil-cake. Most cellulosic fibre wastes can be converted
by steam explosion (sudden release of steam pressure to separate lignin from
cellulose) to a cellulose digestible by ruminants. The oil-cakes often have high
protein and carbohydrate contents and can be used as a major component of non-
ruminant feeds.

Apart from vegetable-oil industry by-products high protein native plants
such as caraparu or aruma-rana (Thalia geniculata, Maranthaceae) occur in some
wet areas of Amazonia, such as the region around the mouth of the Jari river
across to the islands of Gurupd and Maraj6. The quantities available are
extraordinarily large and would provide a virtually inexhaustible supply of raw
material for animal feed.

The production of these feedstuffs must be tailored to the region. Cattle
raising has been in the past one of the chief causes of destruction of virgin forest.
The replacement of grasses planted often in soils unable to support cattle at an
economic density by feeds produced from natural biomass from plants adapted to
the habitat would seem a logical step. It must be borne in mind when planning
production that the demand for cattle ration may be very high during the dry
season (September to November in Marajé) and much smaller or non-existent
during the rains. However in regions where no cattle raising and no meat or dairy
product industry exists, ration for small animals, particularly pigs and poultry, may
find a better year-round market and would obviate the necessity to clear forest for
the cultivation of exotic plants to feed these animals.

Essential Oils

Although very many Amazonian plants contain essential oils that are marketed
locally as perfumes, aromatherapy agents or flavours, none of these seems to be
available on the scale that would be necessary to constitute an industry capable of
sustaining a sizeable population. An example from the past is rosewood, Aniba
rosaeodora (considered synonymous with 4. duckei). Exploitation of the wood of
this tree has caused almost complete eradication of the species and attempts to
plant on a large scale (monoculture) have not met with success. However there is
no question that plantation is the only solution for sustainable production of most
of the species listed in Table 3 and the methods for achieving this successfully
should be examined. Some, like Aniba will have to be replanted in a disperse
manner in the natural habitat of the species until such time as adequate mixed
plantation schedules are worked out that avoid attack and destruction by pests.
Others such as Hyptis and Lippia will probably be susceptible to monoculture on
degraded land judging by the frequent appearance of Lamiaceae and Verbenaceae
along roadsides where the top-soil has been disturbed. Yet others, such as
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TABLE L Some Vegetable Oils of Abundant Amazonian Species that Lend themselves
to Industrialization

Edible % Oil % Fatty acids in % Oil % Fatty acids in
QOil in dry pulp glycerides in kernel in glycerides

Sourcel }ulpb Oleic Palmitic Linoleic kernel® Lauric _Myristic _Oleic
Babagu 65 40-55 1127 18-20
Bacaba 25 57 23 14
Buriti 8-31 73-76  17-19 2-5
Murumuru 28 43-51 26-37 0-10
Pataud 18-31 78-81 9-11 4-7
Pupunha® 35 50-54 30-44 1-12 9 27-46 19-38  13-24
Tucumi 18 64-66  22-26 4 30 47-51  22-26 9-13
Ucuuba 60-68 11 61 6

oleic myristic lauric
Mucaji 26 20 22 44 41 49 16 17
oleic palmitic linoleic

Brazil nut 62-67 31-56 14-18  26-46

(2) The non-edible andiroba seed (kernel) oil contains 18% myristic, 59% oleic acid glycerides;
data for piquia were not found, both pulp and kernel produce butter-like fats.

(b) Pulp or kernel oils are omitted when the source is industrially impracticable.

(c) Peach palm.

TABLE IL Principal Biomass Sources for Animal Feeds

Source Raw Material Characteristics Use
Palm & other fruit pulp fibre Cellulose (after steam-explosion) Ruminants

Babagu & Brazil-nut oil-cake Oil, starch & protein All rations
Bacaba & pataua pulpl Oil, carbohydrate, high protein All rations
Palm nuts2 High mannose content Not determined
Babacu & pupunha mesocarp3  Starch, protein and oil All rations
Palm pith Starch All rations
Non-toxic wood residues? Cellulose (after steam explosion) Ruminants
Aruméas & herbaceous high Cellulose, protein Ruminants

protein plants, planted or wild

(1) Brazil-nut oil cake could be developed for human consumption. The same applies to
agai, bacaba and pataua fruit pulp juices which are widely consumed in the region. For a
typical analysis of pataué see Balick & Gershoff (13).

(2) Agai nuts are eaten by cattle after they germinate, the same might apply to buriti
kernels.

(3) For analyses of pupunha mesocarp see Clement (7) and Zapata (15).

(4) Amapa doce (Brosimum potabile), amapa amargo (Paraharncornia amapa), ucuiba
(Virola spp), marupé (Moronobea pulchra) saw dusts are reported edible by cattle, even
before steam explosion treatment

In Chemistry of the Amazon; Seidl, P., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Downloaded by STANFORD UNIV GREEN LIBR on October 16, 2012 | http://pubs.acs.org

Publication Date: March 31, 1995 | doi: 10.1021/bk-1995-0588.ch003

3. GILBERT Economic Plants of the Amazon 27

Conobea spp which grow in the wetlands of Maraj6 Island may be available
naturally in sufficient quantities for direct exploitation.

The plants listed in the Table have been selected from a large number
studied at the Amazonian research institutes, INPA in Manaus and Museu Goeldi
in Belém. The criteria for choice were high content of essential oil based on leaf or
whole plant material (not wood) and the predominance (>75%) of a single
component which could be purified for sale as such. Essential oils are an attractive
item for local community production requiring no highly sophisticated equipment
and often commanding a good price especially if sold through distributors in the
retail market. Support from a central chemical laboratory with good analytical
equipment is necessary for quality control, a scheme that has worked out very
successfully in Cochabamba at Bolivia with Canadian IDRC participation.

Toilet Soap

The availability of vegetable and essential oils provides the two main components
necessary for the production of toilet soap. This simple industry needing a
minimum of equipment is not new to the region. A family business based on the
manufacture of glycerine soap using local vegetable oils and rosewood perfume
was very successful in Belém for many decades. The industry has a secure local
market to begin with and can gradually expand to the regional and eventually
international spheres. In the case of a larger scale production the availability of
both oleic and lauric oils (see Vegetable Oil section above) would be a factor in
defining the locality of the operation. The sale of a soap made exclusively from
Amazonian starting materials and produced in the region cannot fail to attract
buyers and calculations show that competitive prices can be maintained for
localities with easy access to a port (see comments on marketing above).

Insecticides and Related Pest Control Agents

Before the synthetic insecticides, herbicides and other agrochemicals began to
appear in the 1940's there existed a world market for natural agrochemicals. From
the Amazon and Central America came Derris, Quassia and Ryania, principally
derived in Brazil from the species Derris (or Lonchocarpus) urucu, Quassia
amara and Ryania speciosa. Derris root was often extracted with carbon
tetrachloride or other suitable solvent to produce a rotenone concentrate
containing not only rotenone, the main active component, but also other rotenoids
which contributed to the insecticidal activity. Although these products could not
compete on the multi-thousand ton scale which the synthetic insecticide industry
attained, they did not altogether disappear and in many countries are available to
the present day as horticultural insecticides. It is probable that this commerce could
be considerably increased especially for the market garden, fruit, wine and nut
industries where the modern public prefers products that have not been treated at
any stage with petrochemical derived pesticides. This market could reach several
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TABLE III. Some Non-Wood Sources of Essential Oils in Amazonia and
their Reported Constituents

Plant Source Part Maijor Constituents (% of total aroma) Ref.
Y%aroma _ 50-100%  23-50% 0-25%

Cumaru - Tonka seed coumarin 1

Bean

Dipteryx odorata up to 3.0

Erva de Maraj6 leaves carvacrol p-Cymene 16
Lippia grandis 22 linalool

Laranjinha leaves limonene perilladehyde pinenes 17,18
Calyptranthes 18 citral

spruceana

Pataqueira whole plant  thymol p-cymene 19
Conobea 0.6

scoparioides

Pau de erva doce leaves estragol 17

Calyptranthes sp. 2.2

Pau rosa-rosewood new leaves linalool 20
Aniba rosaeodora  twigs

Piper aduncum leaves dill-apiole 21

(var. cordulatum) 1.4-3.5

Piper hispidinervium leaves safrole myrcene 22
2.7

TABLE IV. Some Plants Used Against Insect Pests

Plant Source Main Active Compound Use (in parentheses, Ref.
potential use)

Derris urucu root rotenone and congeners horticultural, market garden and 23

bark, timb6 veterinary (disease vector control)

Derris urucu aereal DMDP or azafructo-furanoside  antifeedant still in experimental 24

parts stage, nematicide

Quassia amara, quassin, neoquassin aphid and other sucking insect 25

whole plant, quassia control, also medicinal

Pterodon pubescens not identified (diterpenoid furans  cattle hornfly and ectoparasites 26
fruits (seeds) present)

Carapa guianensis not identified (oxygenated mosquito and chigoe flea repellent,  27,28,29
fruits (seeds) triterpenoids present) also medicinal
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hundred million dollars and itself supply a major solution to the sustainable
industrial development of the Amazon.

The plants mentioned are, of course, not the only species containing viable
quantities of pest control chemicals. The existence of an abundant healthy and
diverse flora in the region contrasts with the frequently observed failure of
monocultures under devastating insect, fungal or other pest attack. It is quite
difficult to maintain some conventional crops close to the forest because of the
variety of predatory organisms that exist in that habitat. It is reasonable to suppose
that pest control agents in plants play a role in the mutual protection of diverse
species against predators. Some other possible species for pesticide production
have been added in Table 4.

Considering the insecticidal plants one by one, the first, the rotenone
containing leguminous plants which include Derris urucu have been thoroughly
surveyed by EMBRAPA, the Brazilian State agricultural research institution (23),
and three main facts emerge - firstly, Derris urucu, although not the highest
yielding plant individually, is the best adapted to economic production of rotenone
or of a crude powder containing it; secondly, plants of the genus are found all over
Amazonia although Derris urucu is more abundant in the very humid low-lying
ground along the north bank of the Eastern Amazon and similar habitats alongside
other large tributaries; thirdly, some of the observed occurrences are in fact old
plantations dormant 50 years but still capable of revival into industrial level
production. Parallel chemical investigations have shown that the rotenone is in the
root bark in D. urucu. Studies made in Britain (24) showed that practically all the
Derris and related group of leguminous genera contain the insect anti-feedant
DMDP, or aza-fructose, indicating that it might be advantageous not to extract the
rotenone if by doing so one were to leave the water-soluble DMDP behind in the
marc. In principle, therefore, the setting up of a Derris insecticide industry should
begin with the revival of the old industry at the sites of the original pre-1950
plantations, and should concentrate on the production of a whole root bark
powder, which is known to contain up to 25% of rotenone, finely ground and
diluted with an inert mineral such as kaolin (abundant locally in the Eastern
Amazon). One thus has a product entirely within the scope of locally installable
manufacturing facilities assuring a reasonable financial return to rural populations.

Quassia amara is being developed as a crop in Costa Rica but the author
has not yet located old plantations of this species although it is reasonably
abundant in the Derris growing regions of Eastern Amazonia and could be
undoubtedly co-cultivated with this crop. The internal use of this plant, both
aqueous leaf and wood extracts, by local populations for protozoarian infections
including malaria and even as a bitter principal, rather like quinine, in drinks, attest
to the low human toxicity of the crude product, an observation that has been
recently confirmed by pharmacological study. Quassin, the oxygenated modified
triterpene, which is probably the main but not the only active constituent, has been
reported to be allergenic when isolated (also true of rotenone), probably related to
the presence of two a, B-unsaturated carbonyl groups present. Again there seems
to be no reason to separate crystalline quassin or even to concentrate it but rather
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to aim at the crude aqueous extract as used popularly and which is remarkably
effective against Aphides in the author's experience. The extract is at present
undergoing clinical trial as an antimalarial agent. Quassia amara is not alone in its
class. Many other Simaroubaceac and Meliaceae species of the Guayanas and
North-eastern Brazil have been studied, particularly by the ORSTOM group (28),
and shown to contain substances active against human and animal parasites (25).

Although Ryania was available before the Second World War as an
insecticide and its active constituent, ryanodine was isolated and identified
structurally, the relatively high toxicity, which has been reported to have resulted in
fatal human intoxications, would justify exclusion of this product from the list of
exploitable insecticides.

Clitoria racemosa (recently rebaptized C. fauchediana) and at least one
other Clitoria spp have been shown to contain rotenoids and may well be viable
sources of natural insecticides. C. racemosa is well adapted in South-Central Brazil
growing well in impoverished and degraded habitats. The abundant legumes which
contain the principles require evaluation as insect control agents. The first species
would be an acceptable pioneer species in forest recovery due to the rapidity with
which it produces shade.

Pterodon pubescens, yet another leguminous tree, produces a large yearly
crop of oil-seeds. The oil has been known for some time as an inhibitor of
Schistosoma mansoni cercarial penetration through the skin, an activity related to
the presence of 15,16-epoxygeranylgeraniol (26). Recently the plant has been
shown to confer a long-lasting protection against the cattle horn fly which could be
a very useful addition to the already mentioned feedstuff production for local cattle
ranchers (Santos Filho, D.; Sarti, S. J., Universidade de S&o Paulo, Ribeirdo Preto,
personal communication, 1994). Pterodon pubescens does not grow in the forest
but rather on the cerrado a relatively open savanna which occurs in patches of
sometimes several hundred or even thousand square kilometers over much of
Amazonia. Many furanoid diterpenes have been isolated from the species and from
others of the genus. It remains to show whether any of these or of the
geranylgeraniol derivatives present in the seeds are responsible for the observed
activity.

Balsams, Resins and Exudates

When the bark of an Amazonian tree is cut or bored it is common to observe an
exudate which may be fluid, resinous, rubbery or gum-like. These exudates
probably have the function of protecting the underlying living tissue from infection
by micro-organisms, especially fungi, and invasion by larger parasites such as
insects. It is not surprising therefore to find antifungal or antibacterial activity in
the more fluid exudates and some of these such as copaiba oil are locally and
internationally used as microbicidal agents. At present.and in the past many of
these products have been an item of commerce but have brought little profit to
their collectors because of their very low international prices and the succession of
intermediary dealers that handle them between collection and final purchase by the
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end user (Note 2). The collector of copaiba oil will not receive much more than the
price of gasoline for his virtually finished product, although an average Copaifera
sp tree yields from 2.5 to 10 litres per tapping (some species yield more), occurs
perhaps no more than once per hectare and must be allowed to rest for several
months between one tapping and the next. It is not surprising that the forest
dweller prefers to sell his trees to the timber merchant who can sell the wood for
perhaps $100 a cubic metre, rather than seek so poor, if continuing, a return. As
with the essential oils the development of direct channels for the sale of such highly
effective over-the-counter pharmaceutical aids through distributors directly to the
public at the retail level is desirable. A bottle containing 20 ml of copaiba oil, even
locally in Belém, costs about $2 in the pharmacy which represents about $100/litre,
contrasting with the $4/litre export value fob Belém.

Examining examples (Table 5) of the various types of exudate one by one,
one may first consider copaiba oil as the most important representative of the
liquid terpenoid trunk exudates. The oil contains volatile neutral constituents such
as B-caryophyllene whose composition varies greatly from species to species.
Dissolved in these are sesquiterpene acids which appear to be responsible for part
of the antibiotic activity. Copaiba oil is locally used as a treatment for skin
infections and for some of these it is certainly effective. The oil also has anti-
inflammatory action (30) but the affirmation that it cures skin cancer is anecdotal.

TABLE V. Examples of Medicinally Used Trunk Balsams or Resins (11,28,21)

Plant Source & Product and Important Use Ref.
Process! Constituents

Copaifera reticulata and oil containing sesquiterpenes anti-inflammatory, wide 30
other species of copaiba and diterpene acids of eperuic range skin antiseptic,

by boring trunk and hardwickiic groups also used internally
Hymenaea courbaril and balsam or copal resin similar to the above 31

other species of jutai or containing diterpene acids
jatoba, collection around of eperuic group

base or by tapping

Symphonia globulifera, yellow liposoluble resin skin disease treatment 32
anani, bark extract or  containing prenylated and

exudate hydroxylated xanthones

Vismia cayennensis and red or orange resin containing  skin disease and 33
other species of pau C-methyl and C-prenyl wound treatment

lacre, bark, leaf or fruit hydroxylated anthraquinones and

extract ring A or ring C reduced analogs

(1) - The species cited are from two families - Caesalpinaceae and Clusiaceae. Both families
feature other trees of similar use, such as, for example, Eperua falcata (Caesalpinaceae)
whose resin is used in the preparation of a similar use, such as, for example, Eperua falcata
(Caesalpinaceae) whose resin is used in the preparation of a fixative in perfumery. Other
families with commercially important exudates are Burseraceae, especially the genus Protium;
Sapotaceae, especially the genera, Achras (chiclé) and Manilkara (balata), Apocynaceae,
especially the genus Couma (sorva), and Moraceae, notably the genus Brosimum (amapi
doce)
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A trunk resin that has similar local uses but must be applied in solution in
alcohol or other solvent, is the resin from Vismia species. Vismia cayennensis
resin, for example, is used in North-eastern Amazonia both against bacterial and
fungal skin infections and on wounds in general as a "healing" agent. It contains, as
do many other Vismia species, yellow to red hydroxylated and prenylated
anthraquinones as well as compounds of similar structure, known as vismiones or
ferruginins with one or other of the three rings aliphatic (33).

Conclusion

Of the groups listed under the heading Classification above, only a selection have
been described in some detail. Others, which include gums, rubbers, and
particularly medicines add to the list of opportunities for economic and social
development of Amazdnia, with simultaneous preservation or restoration of forest
cover. It is to be hoped that the present fragmentary efforts can be coordinated to
develop industries that benefit the region directly at a level which is competitive
with present predatory activities, before it is too late.
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Chapter 4

Agroforestry Strategies for Alleviating Soil
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The main soil chemical constraints on agricultural production
systems in the Amazon include soil acidity, phosphorus (P)
deficiency, and low effective cation exchange capacity (ECEC).
About 80% of the Amazon has acid soils with pH values of less
than 5.3 in the topsoil. Associated with soil acidity, is the problem
of aluminum toxicity and phosphorus deficiency.The low soil ECEC
of most Amazonian soils is also a major soil chemical constraint to
plant productivity since the leaching of mobile nutrients (such as
potassium) increases as ECEC decreases. Agroforestry systems
have the potential to control erosion, maintain soil organic matter
and soil physical properties, augment nitrogen fixation, and promote
efficient cycling of the scarce nutrients in Amazonian soils. The
rationale for supposing that agroforestry systems can alleviate the
soil chemical constraints to food and fibre production is that the
nutrient exports via the harvest of crop and animal products,
erosion, leaching, volatilization, and the deterioration in soil
physical properties due to cropping or grazing can be counteracted
by the tree component via: 1) nutrient uptake by deep rooted trees
allowing for capture and surface deposition via tree litter, of
nutrients beyond the reach of crop roots (more efficient nutrient
cycling), 2) increased amounts of organic (shoot and root) inputs to
the soil help to maintain soil organic matter and thus improve soil
structure and nutrient status, and 3) increased nutrient additions to
the soil via nitrogen fixation.
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Agroforestry refers to a range of land use systems in which trees are managed
together with crops and/or pastures. The trees may be present on a given land unit
at the same time as crops or pastures (zonal agroforestry) or may be rotated with
the herbaceous species (rotational agroforestry). Traditional agroforestry systems
have played a significant role in sustaining populations in a variety of tropical soil
and climate conditions (/). Apropriate agroforestry systems have the potential not
only to maintain the productivity of currently cropped lands, but also to rehabilitate
abandoned crop and pasture lands. As many forest products (fuel wood, fruits,
nuts, medicinal plants) commonly gathered by rural populations are now
increasingly in short supply due to deforestation, agroforestry systems could
substitute for these natural forest production systems. The objective is to establish
agroforestry systems on already deforested lands for the production of food, fruits,
and other forest products currently being extracted in an uncontrolled manner from
primary forests.

The chemical and physical properties of soils determine the species
composition, above and below ground biomass production capacity, and hence the
nutrient cycling and soil conservation potential of the vegetation. The focus of this
paper is to identify ways in which the inherent biological and structural diversity of
agroforestry systems can be harnessed for the sustained production of food and
fibre on already deforested land without the necessity to clear additional forest. As
the bulk of the deforested land in the Brazilian Amazon is currently poor quality or
abandoned pasture (2), we also envisage a major role for agroforestry systems in
the rehabilitation and conversion of abandoned pasture land to diversified tree-
crop-livestock (agrosilvopastoral) systems. The land use policy changes that will
be required for the socially just distribution of appropriate incentives and subsidies
to promote the conversion of abandoned pastures to productive agroforestry are
beyond the scope of this paper.

Soil Chemical Factors Constraining Amazonian Food and Fibre Production
Systems

Nearly 75 percent of the Amazon basin contains acid, infertile soils classed as
oxisols and ultisols. Upland ("terra firme") soils such as Oxisols, Ultisols, and some
Entisols and Inceptisols, are characterized by low nutrient reserves, low effective
cation exchange capacity (ECEC), high aluminum toxicity, and low phosphorus
availability (3). The "varzea" or river bank soils of the white water rivers are
generally more fertile due to the replenishment of nutrients via sediments deposited
by flooding. Dark water varzeas are generally infertile sands and not normally
used for agriculture. While Oxisols are likely to have very low levels of potassium,
calcium and magnesium, Ultisols may present greater problems of Al toxicity
because of higher exchangeable levels of Al. The high levels of exchangeable
aluminum in Ultisols, some Inceptisols, Oxisols, and Spodosols can severely
restrict root growth, nutrient uptake, and hence nutrient cycling (4). Phosphorus
fixation is usually high and hence P availability is low on Oxisols. Sandy soils are
especially low in nitrogen, although phosphorus, calcium and magnesium may also
be low.

Of the 482 million hectares in the Amazon Basin, 81% of the area had
native pH values in the topsoil less that 5.3 and 82% had native pH values less than
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5.3 in the subsoil. Associated with these low pH values is aluminum toxicity.
Cochrane and Sanchez (3) reported that 73% of the soils in the Amazonian basin
have an aluminum saturation of 60% or more in the top 50 cm. Ninety percent of
the soils in the Amazon have topsoil P levels less than 7 mg/kg (3). Assuming a
critical P level of 10 mg/kg, these soils will not support crops without additions of
P. Fortunately, only 16% of the soils are estimated to be strong P fixers, that is,
they have over 35% clay and a high percentage of iron oxides. The remaining soils
can be managed by prescribing small P applications on a crop by crop basis.

The low ECEC is considered to be a soil constraint (5). The susceptibility
of leaching of mobile nutrients increases as ECEC decreases. This is of major
importance in an environment where rainfall exceeds potential evapotranspiration
most of the year and where nutrients are in short supply to begin with. It is critical
that mobile nutrients added to the soil remain in the soil as long as possible giving
the plant adequate opportunity to utilize them. For example, potassium is
considered to be a constraint on 56% of the land area (3). It is important to note
that these critical values are for traditionally grown crops and some pasture
legumes. Almost nothing is known about the critical soil nutrient contents for the
highly adapted tree and shrub species that are components of agroforestry systems.

Slash and Burn Agriculture and Agroforestry in the Amazon

Traditionally, farmers in the tropics have temporarily overcome soil acidity and low
soil nutrient contents by slashing and burning the forest vegetation. Farmers
typically clear about a hectare of primary or secondary forest, burn it and then
plant crops for one or more years taking advantage of the nutrients released in the
ash. The quantities of nutrients accumulated in the forest biomass are typically in
the range 100-600 kg/N/ha, 10-40 kg/P/ha, 200-400 kg/K/ha, 150-1125 kg/Ca/ha,
and 30-170 kg/Mg/ha (6,7). Between 20% to 40% of the biomass burns to ash.
Data from measurements of the nutrient contents of ash at various sites in the
Amazon are presented in Table I. Large losses of nutrients occur during the burn
probably via the physical removal of ash via air currents generated during the burn.
Approximately 88-95% of N, 42-51% of P, 30-44% of K, 33-52% of Ca, and 31-
40% of Mg contained in the above-ground biomass was reported lost during
burning (8,9). After burning, further loss of nutrients from the site continues via
rainfall run-off and soil erosion, leaching, volatilization, and crop harvests. Once
yields decline as a result of decreasing soil fertility and/or increasing weed
pressure, the site is abandoned. The accumulation of nutrients and shading out of
weeds by the regenerating forest vegetation, and the action of roots and associated
microorganisms and fauna are the processes by which the potential soil
productivity of the abandoned site is gradually improved to a state approaching
that of a primary rainforest.

Due to increasing population pressure and new land use policies that
prohibit deforestation and burning of primary forests, regenerating forest fallows
are under increased pressure from farmers. The fallows are being slashed and
burned well before soil productivity has been recovered which results in rapid and
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sometimes permanent soil degradation. Farmers urgently require land use
alternatives that fit diverse socioeconomic and ecological conditions and
sustainably produce enough food and wood without degrading the soil resources
required for future production. We suggest that such potentially sustainable
systems must have as many of the following characteristics as possible:

o Biological and structural diversity to minimize biophysical (pests,
drought) and economic (volatile markets) risk and provide resilience so
that both the farmer and the system survive the occasional years of
severe drought or pest attack.

¢ A high degree of soil cover via plant canopies or plant residues left on
the soil surface.

o High value but low biomass of products to minimize nutrient exports.

o The return of crop residues (or the animal manure) to the cropped land
to maximize nutrient recycling.

o The application of adequate levels of organic and/or inorganic fertilizers
to balance nutrients removed in harvests.

o The use and optimum management of improved crop and animal species
or varieties.

Many of the above characteristics are commonly found in existing
agroforestry practices in the tropics (/0). These systems generally have low to
medium capital requirements and produce a range of food, wood and other
economically useful goods. In addition, agroforestry systems are characterized by a
variety of potential service roles such as soil conservation and the maintenance of
soil fertility (/7-13). The key difference between agroforestry and sole cropping
systems lies in the potential for farmers to incorporate tree species that are
considerably more tolerant to acid soil conditions than common annual crops. The
main functions of these adapted tree species is to protect the soil, conserve existing
soil nutrients, enhance the uptake and the recycling of added organic or inorganic
fertilizer nutrients. A discussion on the various tree-soil improvement hypotheses
using data from the tropics was undertaken by Fernandes et al., (2). A key issue
that requires further research is the search for appropriate tree species, their
improvement, and the development of suitable management strategies to optimize
the role of trees as soil improvers.

Tree Characteristics for Maintaining Soil Productivity Under Agroforestry

Fast-growing, leguminous tree species are major components of agroforestry
technologies (/4). Adaptability to soil chemical and physical conditions is an
obvious but vital requirement for any tree species to contribute to soil
improvement. Based on studies from the Amazon and other regions in the humid
tropics (2,4, 15), we suggest the following criteria for judging the suitability for soil
improvement of a tree species or provenance:

e Shoot biomass production: 8 to 10 Mg/ha/yr from one to four prunings a year

(Table II).
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Table IL Biomass Production by Tree Species in Alley Cropping on Fertile
and Infertile Soils in the Humid Tropics (Adapted from Ref. 16)

Tree Dry

Age  Prunings Matter
Species Trees/ha (mo) (No/yr) (Mg/ha/yr)
Yurimaguas, Peru; rainfall 2200 mm/yr; Ultisol, pH 4.2-4.6, P = 8 ppm (Olsen)
Inga edulis 8888 11 3 09.6 Hw
Gliricidia sepium 14/84 5000 11 3 08.1 Hw
Gliricidia sepium 34/85 5000 11 3 01.8 l+w

Onne, S.E. Nigeria, rainfall 2400 mm/yr; Ultisol, pH 4.0, P = 50 ppm (Bray-1)

Acioa barteri

Alchornea cordifolia

Cassia siamea
Gmelina arborea

2500 48 nd.
2500 48 nd.
2500 48 nd.
2500 48 nd.

13.8 Hw
14.9 Hw
122 +w
12.3 Hw

Sumatra, rainfall 2575 mm/yr; Oxisol, pH 4.1, P = 4.8-6.8 mg/kg (Melich I)

Paraserianthes falcataria 19900 09 4
21 4
Calliandra calothyrsus 19900 09 4
21 4
Gliricidia sepium 10000 09 4
21 4

Costa Rica, rainfall 2640 mm/yr; Inceptisol, pH 4.3-4.8, P = 8-15 ppm (Olsen)

Gliricidia sepium 6666 24 2
60 2
Erythrina poeppigiana 555 24 2
60 2

04.9 Hw
09.7 Hw
06.8 Hw
10.7 Hw
00.6 Hw
01.4 Hw

09.6 Hw
152 Hw
07.4 Hw
11.1 bw

Western Samoa, rainfall 3000 mm/yr; mod. fertile Inceptisol, no soil data

Calliandra calothyrsus 5000 48 3
3333 48 3
Gliricidia sepium 5000 48 3
3333 48 3

12.1 Hw
07.6 Hw
10.7 +w
06.5 Hw

1= leaves and green shoots, w = woody material.
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¢ Nitrogen fixation potential of 10 to 50 kg/N/ha/yr.

o Most of the tree fine roots (<2mm diameter) concentrated below the depth (15-
20 cm) at which the bulk of annual crop roots are found.

o Capacity to form effective mycorrhizal associations with native populations of
Vesicular-Arbuscular (VA) mycorrhizal fungi or ectomycorrhizal fungi in order
to enhance the utilization efficiency of low levels of native soil P and small
amounts of P added via fertilizers.

e Moderate to high nutrient concentrations in leafy biomass (e.g. 2.0-3.5% N,
0.2-0.3% P, 1-3% K and 0.5-1.5% Ca). Interpreting data for micronutrient
concentrations in tree and shrub biomass is still difficult. Leafy biomass derived
from vigorously growing trees of Inga edulis grown on an Ultisol were as
follows: Mn 112, Cu 13, Zn 35, and Fe 95 mg/kg (17).

o Rapid litter decay (1 to 3 weeks) where tree biomass is used to provide
nutrients to associated crops (e.g. Leucaena leucocephala, Sesbania sesban,
Gliricidia sepium) or slow decay (2 to 6 months) when tree biomass is used as
mulch for weed suppression and soil protection (e.g. Inga edulis and Flemingia
macrophylla).

e Absence of toxic substances in the foliage or root exudates. For example, in the
acid savannas (cerrado) of Brazil some species have been shown to accumulate
from 4,000 to 14,000 mg/kg of Al in the foliage (/8). Non-accumulator species
have Al concentrations < 200 mg/kg.

Several promising tree and shrub species have the potential to improve
soils. Most commonly preferred tree species tend to be nitrogen-fixing. For acid
soils in the Amazon, the following tree or shrub species appear to have good
potential: I edulis, Calliandra calothyrsus, Flemingia macrophylla, Gliricidia
sepium, Paraserianthes falcataria, and Senna reticulata (2).

Indigenous and Introduced Agroforestry Systems in the Amazon. Amerindian
peoples of the Amazon have long planted and managed trees for a variety of
products and services in close association with annual and perennial food crops
(19,20). The Kayap6 create "resource islands" of trees, shrubs, herbs, and root
crops at the forest margin and also in open grasslands. These species are generally
collected as seedlings in the forest and transplanted to clearings and campsites.
Over a hundred species have been encountered in these "agroforestry” islands
(21,22). A mosaic of different aged, multistoried plots established and managed by
the Arara Indians in the vicinity of the Transamazon Highway contained at least 19
varieties of plants belonging to 13 species. The crop and tree species included
squash (Cucurbita spp.), sweet potato ([pomoea batatas), banana (Musa spp.),
ginger (Renealmia occidentalis), pineapple (Ananas comosus), cotton (Gossypium
hirsutum), annato (Bixa orellana), and araticam (Anona nitida).

The great majority of these traditional systems involve managing the fallow
vegetation (for a variety of products and services) following cropping and
subsequent abandonment to permit regeneration of forest species. Most of the
Amazonian tree crops in use today were probably domesticated via these
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traditional systems. In addition to a high species diversity, indigenous agroforestry
systems are characterized by a variety of species associations of different age
classes spread over several sites. These system characteristics maximize labor
efficiency per unit area of land, minimize tree and crop failure due to drought or
severe pest attack, and guarantee the availability of food at relatively modest levels
of species productivity. Traditional agroforestry systems are generally for
subsistence and support low population densities.

Migrants to the Amazon and their descendants have introduced and
developed a great variety of agroforestry systems that attempt to combine the
domesticated species and structural diversity of Amerindian systems with new
species and rotations to meet the household food and cash needs. Most such
implanted systems also start off with annual and semi-perennial crops (rice,
cassava, banana) following slashing and burning of the forest vegetation. The next
phase generally involves the establishment of a variety of tree crops and
incorporation of livestock. By themselves, these tree crops do not constitute
agroforestry. The planting of tree crops, however, may follow annual crops
(rotational agroforestry) or the tree crops may be present at the same time as
annual crops and or livestock (mixed or zoned agroforestry). Given the ecological
and economic interactions between the first phase annual crops and the second
phase tree crops and/or livestock, however, most of these systems can be classified
as agrisilviculture, silvopasture or agrisilvopasture.

Tree-based homegardens are typical agrosilvopastoral practices involving a
variety of both native and exotic species for fruit, timber, shade, medicines, spices,
and forage (Table III). As many as 190 plant species at various stages of
domestication have been recorded in these agrosilvopastoral systems in the tropics
(J). The high species diversity and sustainability of homegardens make them ideal
for use in buffer zones around extractive reserves and protected forests and
improves the chances for gene flow from wild to semi-domesticated populations of
selected food and fruit species. In the Amazon, systems involving around 30
perennial and annual plant species has been reported from Para, Brasil (27) and
over 70 species from Peru (28). Multi species, tree-based homegardens have a high
degree of ecological and biological sustainability coupled with good social
acceptability. The factors that promote sustainability include diversified
production, reduced risk of crop failure, enhanced labor efficiency, continuous
production thereby minimizing post harvest losses, good nutrient cycling and
reduced erosion because of good ground cover. The species diversity is greatest
close to the house and declines as one moves further away. In most cases,
homegardens contain food producing species and other high value species where
the farmer can protect them more easily. In Africa, where deforestation is resulting
in significant loss of biodiversity, homegardens have been identified as important in
situ germplasm banks of semi-domesticated species (29). Amazonian homegardens
could also play a vital role in helping to preserve native, semi-domesticated species
in areas where the pressure of deforestation is high.
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Table IIL Tree and Crop Species Encountered in Surveys of Agroforestry Homegardens
in the States of Acre, Amazonas, Para, Rondonia and Roraima (Fernandes, E. C. M.,

Unpublished Data)

Common Name Scientific Name Uses
Abacate Persea americana fruit
Coco Cocos nucifera food, oil, cash crop
Guarana Paulinia cupana drink, cash crop
Tucumd Astrocaryum aculeatum fruit, fibre
Fruta péo Artocarpus altilis seeds
Jaca Artocarpus heterophyllus fruit, seeds
Goiaba Psidium guajava fruit
Limdo Citrus aurantifolia fruit, cash crop
Manga Mangifera indica fruit
Pupunha Bactris gassipaes fruit, palm heart
Caju Anacardium occidentale fruit, nut cash crop
Abacaxi Ananas comosus fruit
Cupuagu Theobroma grandiflorum fruit, cash crop
Annatto Bixa orellana seeds for dye
Acerola Malpigia glabra fruit
Pimenta do reino Piper nigrum spice, cash crop
Cacao eobroma cacao Seeds, cash crop
Banana Musa spp. fruit, cash crop
Café Coffea canephora drink, cash crop
Tapereba Spondias mombin fruit
Inga Inga edulis fruit, fuel wood
Biriba Rollinia mucosa fruit, cash crop
Graviola Anona muricata juice, ice cream
Agai Euterpe oleracea fruit, palmito
Araga boi Eugenia stipitata juice
Jambu Eugenia jambos fruit
Pitanga Eugenia uniflora fruit, juice
Mamio Carica papaya fruit
Caimito Pouteria caimito fruit
Sapotilla Manilkara zapota fruit, chewing gum
Bacuri Platonia insignis fruit
Genipapo Genipa americana fruit, wood
Araticum Anona montana fruit
Bacaba QOenocarpus bacaba wine, wood, leaf baskets
Mandioca Manihot esculenta tubers for starch
Maracuja do mato Passiflora nitida fruit
Maracujé caiano Passiflora macrocarpa fruit
Umari Poraqueiba sericea fruit
Seringa Hevea brasiliensis latex
Mapati Pourouma cecropiaefolia fruit
Cubiu Solanum sessili]ﬁrum fruit
Pitomba Talisia esculenta fruit
Carambola Averrhoa carambola fruit
Buriti Mauritia flexuosa fruit
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Agroforestry Practices with Potential for the Amazon

We envisage that agroforestry systems are more appropriate than monocropping
systems for already deforested land and not as alternatives to primary forest.
Several agroforestry practices, that are not common in the Amazon, have the
potential to significantly reduce deforestation while permitting food and wood
production without soil degradation. On already degraded sites and abandoned
pastures, these same systems can play a major role in the rehabilitation of site
productivity. The key factor for abandoned pastures will be providing a modest
input of chemical nutrients to prime the nutrient cycling pump of agroforestry
systems.

Managed Tree Fallows. Traditionally, after cropping a patch of cleared land for
two to four years, farmers abandon it to a natural forest fallow. We argue,
however, that promoting the establishment and managing fast-growing leguminous
and other tree species in fallows may significantly reduce the time taken for soil
productivity to recover to original forest levels (30). This is due to the rapid
growth rates and specialized nutrient accumulation strategies that enable these
species to take up and concentrate nutrients in biomass even at very low soil
concentration levels. Prinz (37) identified the following factors for successful
management of tree fallows: a soil that has not been completely depleted, good
regeneration of natural forest species and/or natural forest adjacent to the fallow
area, and a sufficiently long fallow period to permit complete regeneration of the
soil. Ideally, tree species for fallows should be capable of fast growth, high biomass
accumulation, possess extensive root systems, and high nutrient uptake capacity. In
addition, the rapid establishment of tree species in fallows could significantly
improve not only the seed dispersal of secondary fallow species due to increased
habitats for perching and foraging by birds and bats, but also create favorable
microhabitats for the germination of other fallow species. To make the concept of
tree fallows attractive to farmers, it is important that at least some of the fallow
species yield economically useful products.

Fallows with High Nutrient Accumulating Species. In a study in the
Peruvian Amazon, Szott (30), found that eight months after establishment,
managed fallows with leguminous species had higher nutrient stocks than the
natural forest fallow control. By 29 months, treatments with tree species had
significantly higher nutrient stocks than treatments with natural forest species or no
tree species. In another study on degraded pastures in the Brazilian Amazon, the
concentrations of N, P, and K in leaves of Laetia procera were double those found
in leaves of various species from primary forest vegetation on acid infertile soils
(9). For example, Cecropia spp. have been reported to accumulate Ca and P on
acid soils (32). Other tree species reported to colonize degraded and abandoned
pastures include Vismea spp., Goupia glabra, Bellucia grosulariodes, Dipteryx
odorata, and Zanthoxylum procerum (33). Based on these observations, it is
possible that by enriching natural forest fallows with these high nutrient
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accumulating species, the time to recover soil productivity could be significantly
reduced.

Fallows with Economically Valuable Species. The inclusion of species
with economically valuable products (flowers, fruits, homeopathic medicines,
essences, resins) provides an economic return to tide farmers over until the fallows
biological, ecological, and site rehabilitation potential has been realized. For
example, fruit species (Anona muricata, Bactris gassipaes, Eugenia stipitata,
Rollinia mucosa, Theobroma grandiflorum) and a variety of plant species with
medicinal compounds are likely to provide earlier and more substantial monetary
returns (relative to natural fallows). It is likely that several potentially valuable
species await discovery in the Amazon. The strategy with economically enriched
fallows is to use species that produce a low volume but high value product so as to
avoid excessive export of nutrients from the site. Mixing species that produce an
economically valuable product with nutrient accumulating species gives the farmers
a good incentive to maintain a forest fallow for the minimum time required to
recover soil productivity.

Alley Cropping. This system has potential to sustain crop productivity via
improved soil protection, nutrient cycling, and reduced weed pressure (34). The
system involves the growing of annual food crops in the alleys formed by
hedgerows of fast-growing, nitrogen-fixing trees. The hedgerows are pruned
periodically to provide green manure or mulch for the crops in the alleys and to
minimize shading and root competition by the hedgerows. While experimental
results from several studies on fertile soils (mainly Alfisols and Entisols) show that
alley cropping can sustain crop yields, maintain soil nutrient status and prevent soil
organic matter decline (34), unsatisfactory short to medium term crop yields have
been reported from alley cropping trials on acid infertile soils of the Amazon (35).
Low nutrient contents of Oxisols and Ultisols (the dominant soils in the Amazon)
result in high competition between hedgerows and annual crops. Nutrient cycling
by the hedgerows is often at the expense of the crop in the alley. The labor
required for the frequent pruning of hedgerows in order to reduce tree-annual crop
competition is prohibitive.

We suggest that alley cropping on acid soils in the Amazon should be used
for the production of perennial rather than annual crops. Perennial crop species
that could grown in such a system include Bactris gassipaes, Theobroma
grandiflorum, Bertholettia excelsa, and Eugenia stipitata. The chief function of
the hedgerows would be to minimize runoff and erosion and control weeds via the
provision of mulch. Suitable hedgerow species for acid soils include Inga edulis,
Gliricidia sepium, Cassia reticulata, Flemingia congesta, Calliandra calothyrsus,
and Paraserianthes falcataria (16). Since weed control is often a major factor
reducing successful establishment and yields of many perennial crops, selection of
commonly known species such as Inga edulis, a species with slowly decomposing
litter, could significantly reduce weed pressures (/5) and increase chances of the
system being adopted by farmers. The traditional model of alley cropping for
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annual crop production may only be justified on sloping land where the danger of
soil erosion and rainfall runoff is high.

Alley cropping could be used for the establishment of high value forest
species as well. Hedgerows could be established with annual crops in the alley and
after a year or so, forestry species planted in the alleys with the hedgerows serving
as shade ("nurse") trees for the next 5 to 10 years. Thereafter, periodic lopping of
the hedgerows would provide mulch to aid in weed control and recycle nutrients in
hedgerow biomass.

Tree-Pasture (Silvopastoral) Systems. Despite the beneficial effects of perennial
crop plantations on soil conservation and nutrient cycling (36), sustainable
production of tree crop plantations (mainly rubber and oil palm) in the Amazon has
rarely been possible due to a combination of pest problems and poor economic
returns. The addition of a cover crop and an animal component provides additional
flexibility with respect to markets, economic returns and the purchase of required
inputs. In addition to soil protection, leguminous cover crops (such as Centrosema
macrocarpum, Desmodium ovalifolium, Pueraria phaseoloides) can contribute to
improve tree root growth and soil N via nitrogen fixation (37). Even in the absence
of leguminous cover crops, the integration of sheep, poultry and bees in tree crop
plantations can be not only socially and economically attractive, but also result in a
significant reduction in the cost of weed control in the plantations.

Given the vast national and international market potential for timber, the
establishment of timber species in pastures would considerably improve the
long-term economic returns and justify incentives and subsidies in the short term to
help establish improved (grass-legume) pastures. An example of such a system in
Paragominas, involving Schizolobium amazonicum, Bagassa guianensis,
Eucalyptus tereticornis and various pasture grasses was reported by Veiga et al.,
(38). Other potentially useful tree species for pastures include Carapa guianensis,
Cedrelinga catenaeformis, Cordia goeldiana, Swietenia macrophylla and other
economically important tree species. Fast-growing, "nurse species" (e.g.
Schizolobium amazonicum, Sclerolobium paniculatum, Inga edulis) can be used
to yield economic returns in the short term while protecting the more valuable
timber species from wind and pest damage in the first six to ten years.

Live Fence Posts and Hedges. In all systems involving livestock, the use of
fencing for animal control requires a large number of fence posts. The continuous
removal of young trees from primary and secondary forests for establishing and
maintaining fences is a serious and largely unnoticed form of deforestation. An
agroforestry alternative involves the planting of large (1.5 - 2 m) woody cuttings
that have the capacity to take root and continue growing, thereby producing live
fence posts. Planting of such cuttings more densely can result in hedges. Species
that are commonly used for live fence posts and hedges include Gliricidia sepium,
Erythrina spp., Spondias spp., Pithecellobium dulce (39). Live fence posts and
hedges could have a significant impact against deforestation, help reduce soil
erosion from cropped fields, and help contain nutrient loss in rainfall runoff.
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Modified "Taungya". The system was developed as an agrisilvicultural
(involving crops, trees and livestock) practice for the recovery of deforested and
degraded land via plantings of timber trees and food crops (40). Shifting
cultivators are attracted to establish forest plantations by various incentives such as
housing, clinics, schools, and tenure over permanent agricultural plots. The farmers
are required to help establish and maintain forest plantations, in which they are
permitted to raise agricultural crops during the first three to four years of
establishment. In the Amazon, the modified "Taungya" scheme could be used to
reforest the large areas of degraded uplands while providing employment and
settlement for landless migrants. Brienza and Yared (41) reported satisfactory
establishment at reduced costs of Cordia goeldiana, Jacaranda copaia, and
Bagassa guianensis via intercropping the trees with cow pea (Vigna unguiculata).
Incentives and credit facilities to permit intensification of land use on the farmer's
permanent field plots would help towards self sufficiency in food production.

Fiscal incentives and capital costs for the modified "taungya" approach can
be justified on the grounds of social equity, the fact that shifting cultivators would
become agents of reforestation, the reduced need for timber harvests from primary
rain forests if forest plantations are successfully established. These forest
plantations would also play an active role in reducing atmospheric levels of the
greenhouse gas CO, since the carbon accumulation by growing forest plantations

is 20 to 100 times greater than that of degraded pastures (42). Plantations of
timber species have the potential for fixing atmospheric carbon over a significantly
longer period than plantations for fuel wood, biomass or pulp. The carbon stored
in soils is nearly three times that in above-ground biomass and approximately
double that in the atmosphere (43). Numerous studies have shown that forest
plantations on degraded soils can increase soil organic matter contents via
enhanced production of above-ground litter (44) and high turnover of fine roots

(45).

Management Strategies for Sustaining Soil Productivity Via Agroforestry
Systems

On acid, infertile soils (Oxisols, Ultisols, Dystropepts, Psamments, and Spodosols)
the potential of trees to sustain soil productivity lies in their role for maximizing
soil cover (via canopies and mulch) and minimizing the loss of scarce nutrients via
rainfall run off, soil erosion, and leaching (4). Due to reduced nutrient losses in
systems with trees, the nutrient use efficiency of relatively small amounts of
chemical fertilizers can be significantly improved.

We suggest the following strategies to enhance the potential of agroforestry
systems to sustain soil productivity on recently deforested acid, infertile soils in the
Amazon:

e Selection and use of acid-soil tolerant tree (wood, forage, medicines, resins,
dyes), food and cover crop germplasm and compatible rhizobia and vesicular
arbuscular (VA) mycorrhizal fungi.
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o Use of a variety of leguminous crop and tree species to harness the potential of
biological nitrogen fixation. Given the low levels of available P in most acid
soils, enhancement of available soil P status and the uptake of P by the plant will
be important since both nodulation and N, fixation require phosphorus.

Improving P availability and uptake can be achieved by ensuring effective

mycorrhizal associations and the addition of 20 to 50 kg of P ha™! since
mycorrhizal fungi do not manufacture P but only help in P uptake by the plant.

e If possible, establish rapid soil cover via a fast-growing, herbaceous leguminous
cover (e.g. Mucuna pruriens, Canavalia brasiliensis) crop immediately after
slashing and burning of the original vegetation. The function of the cover crop is
to protect the soil surface, take up the nutrients released in the ash, and control
weed growth. At the appropriate time during the planting season, the
herbaceous cover crop can be slashed and the agroforestry system established.

o Nutrients removed in grain, leaf, and wood biomass should be replaced via
organic and inorganic fertilizers otherwise the system ceases to be sustainable.
On recently deforested sites, additional nutrients may not be required for several
years before productivity declines set in. Abandoned pastures, however, show a
combination of soil chemical and physical constraints to crop production and
will require inputs to alleviate soil compaction and nutrient deficiencies
(principally phosphorus and calcium).

e On degraded and abandoned pastures, we hypothesize that a modest input of
chemical fertilizers (25 kg N, 50 kg P, 50 kg K, 25 kg Ca, and 25 kg of Mg per
hectare) will be essential to prime the nutrient cycling pump of agroforestry
systems. Ideally, these nutrients should be added to the first crop established.

Conclusions

The major advantage of agroforestry systems on acid, infertile soils of the Amazon
lies in the superior soil conservation characteristics relative to traditional slash and
burn or introduced sole cropping systems. The potential to use highly acid-soil
tolerant tree species for biomass and nutrient accumulation, nitrogen fixation, to
form physical barriers against soil erosion, and to produce a diverse range of
economically valuable products makes these systems naturally attractive to
farmers. Since the bulk of new land clearings for agriculture are projected for the
Amazon region with acid, infertile soils, work is urgently needed on optimizing the
sustainability and performance of agroforestry systems on these marginal soils.

Key research issues that need systematic and long term attention include: 1)
identifying potential social and economic barriers to the adoption by farmers of
improved and potentially sustainable agroforestry systems, 2) the selection and
improvement of tree, crop, and pasture germplasm both for tolerance to acid soils-
and for growth in mixed species associations, 3) the simultaneous selection of
effective symbiotic partners (rhizobia and/or mycorrhizal fungi) for these plant
species, 4) characterizing the role of management (spacing, rotation, pruning,
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mulching, and minimum chemical fertilizer applications) on the productivity,
nutrient cycling potential and sustainability of agroforestry systems.

Agroforestry systems that involve combinations of annual crops with a
variety of tree species and in some cases livestock are being evaluated in an on-
going project, for their potential to rehabilitate abandoned pastures. The joint
project between the Department of Soil Science and the Brazilian Enterprise for
Agricultural Research (EMBRAPA) is being funded by the Rockefeller
Foundation. Several agroforestry systems involving annual crops, perennial crops,
leguminous, herbaceous and tree species, and valuable timber trees are being
studied for their potential to rehabilitate soil productivity of abandoned pastures in
the western Amazon. Besides the biological productivity of these systems, the
economics of establishing and maintaining these systems and their impact on
greenhouse gas emissions are also being studied. Local farmers are also
contributing to the evaluation of similar system prototypes via on-farm trials. Data
from the first two years suggest that rotations and/or combinations of acid-soil-
tolerant crop, tree, and pasture germplasm is an important strategy to establish a
rapid and productive vegetative cover for the soil. Nitrogen-fixing species together
with modest P applications can significantly improve plant biomass production, and
nutrient recycling.

Large numbers of publications debating deforestation rates, greenhouse gas
emissions and highlighting the speculative nature of the process of deforestation
have done little to provide concrete solutions to countering the effects of
deforestation or more importantly improve the livelihood of the people currently
slashing and burning forests for their daily subsistence. It is worth noting that the
bulk of the deforestation for subsistence agriculture by small farmers has been
brought about by such "sophisticated" technological interventions as the machete,
the axe, and the matchbox! Pending major land policy reform, the deforestation
undertaken by small holder farmers in the Amazon will continue to increase for the
foreseeable future. Agroforestry systems are not the miraculous solution that will
halt all future deforestation by subsistence farmers. Rather, such systems offer the
very real possibility that farmers practicing them may need to use "the machete and
the matchbox" much less frequently because of better soil conservation, higher
nutrient recycling, diversified products and hence minimized risk of food and/or
cash crop failure. The cumulative effect on reducing deforestation and improving
the standard of living of the "farmers in the forests" will be significant pending the
results of endless ecological and political debates.
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The vast flora of Brazil is not only an invaluable source of
supply of secondary compounds but also provides an almost
limitless bank of genetic information concerning the formation,
transport and storage of these metabolites within the plant. The
recent expansion in demand for natural products will certainly
continue in the foreseeable future, but commercialisation of
these compounds from natural sources can easily lead to
detrimental effects on the environment. Whilst production
methods involving chemical synthesis are available for a number
of secondary compounds, many molecules are too complex to be
commercialised through this route. Plant biotechnology offers an
alternative strategy through in vitro accumulation of selected
products, although this may not be a widely applicable approach
nor, arguably, will it be one that is necessarily in the best
commercial and/or political interests of Brazil. Plant genetic
engineering has opened up wide possibilities to produce crop
plant variants that have desirable biochemical characteristics,
and these methods are equally applicable to the genetic
manipulation of plants that accumulate secondary compounds.
Examples of the application of plant biotechnology to both the
in vitro and the in planta approach to secondary compound
production are considered in this paper.

The extensive and diverse flora of Brazil is a natural asset of immense potential
value for the provision of secondary compounds. Such materials already receive
wide commercial application in the manufacture of, for example,
pharmaceuticals, food additives, cosmetics and agrochemicals. The world-wide

0097—-6156/95/0588—0051$12.00/0
© 1995 American Chemical Society

In Chemistry of the Amazon; Seidl, P., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: March 31, 1995 | doi: 10.1021/bk-1995-0588.ch005

Downloaded by STANFORD UNIV GREEN LIBR on October 16, 2012 | http://pubs.acs.org

52 CHEMISTRY OF THE AMAZON

production of secondary compounds will be an area of significantly increasing
industrial activity in the next decade as the demand for an even greater range of
"natural” products continues.

The possible application of the plant resource within Brazil may not have
been fully recognised by the competent authorities thus far. The exploitation of
secondary compounds has often been left to entrepreneurs from USA, Europe
and Japan with the profits accruing to these countries accordingly. With the
advent of the modern techniques of plant biotechnology there is a window of
opportunity for Brazil to take a major role in the development and application
of these new methodologies for the commercialisation of natural products in
Brazil.

Resource Factors

Extensive Flora. It is reported that at least 16% of the estimated 500,000
species of plants that exist in the world are to be found in the Amazonian basin
of Brazil alone. Further, less than 10% of all known plants have been studied
chemically and far fewer have been studied with respect to their biological
activities. And yet at least 3000 well characterised, biologically active natural
products are already known (/). These factors taken together mean that a vast
number of highly active compounds are waiting to be discovered and the
majority of them are to be found in the plants presently growing wild in Brazil
in areas such as the Cerrados, the Pantanal, Caatinga, the Atlantic Forest and, of
course, the Amazon itself. Unfortunately, however, this magnificent resource is
rapidly diminishing, not only because of land clearance and agricultural
practice, but also because of the interest of (commercial) research groups
outside of Brazil. Any strategy for plant biotechnology research must take into
account both the aspects of learning about the valuable plant materials that are
available to us and also of conserving those species which, whilst presently not
directly exploitable, may very well be of value in the years to come.

Agricultoral Base. Brazil has a large, fertile land mass much of which is still
available for agricultural exploitation. Naturally, the majority of Brazilian
agriculture is aimed at primary food-crop plants, but there are currently a
number of good examples of cash-crop farming for natural products (such as
stevioside production by Ing4 Stevia Industrial S.A., Maringd, Parand). As the
export markets for many primary crops (for example, sugar-cane) are becoming
more difficult, it will be increasingly important for Brazil to bring on stream a
more mixed farming with greater reliance on novel crop plants. It can be
reasonably argued that plants yielding high value natural products would be
excellent alternative crops in years to come but the preparation for this should
commence immediately.
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Labour Force and Capital Financing. Brazil has a large rural labour force
skilled at working on the land. It is axiomatic that any application of plant
biotechnology should enable the employment of an increased work force which
can be adequately remunerated and hence enhance support for the social fabric
of the rural areas. It is further recognised that many facets of fermentation
biotechnology are extremely expensive in terms of plant and equipment. Any
application of plant biotechnology should be able to be brought on stream with
a minimum of capital expenditure which must be well within the means of State
or Federal resources.

Taken together these two considerations mitigate against a strategy for plant
biotechnology research involving the ultimate aim of production of secondary
compounds in large scale bioreactors, particularly where a novel crop plant
would be a direct alternative, or where advanced chemical engineering
problems (such as the provision of specially designed bioreactors) would be
necessitated. There are, however, a number of cheap "alternative technologies”
which may very well enable in vitro technology to be operated on a commercial
scale in rural areas in Brazil and applications in this area will be considered
below.

Strategies for Commercialisation of Secondary Compounds

Determination of Plants with Appropriate Biological Activities. The
essential pre-requisite to any form of commercialisation, namely plant
screening, is dealt with in detail elsewhere in the present volume but, if Brazil is
to retain some degree of control over the use and ultimate exploitation of its
floral resource, it is important that this screening should be carried out as far as
possible within Brazilian Institutes.

Conservation of the Gene Source and Build-up of Biomass for Further
Exploration. Following the determination of a potentially valuable plant, it
will be necessary to obtain considerable biomass in order to carry out activity-
focused isolation and structure elucidation of the active components. The
traditional method would be to harvest large quantities of the plant material,
both fresh tissue and, preferably also, seed stock. It may be noted that collectors
typically aim to harvest in the region of 4 kg of seed material in order to
maintain a seed bank to conserve a specie. The effect of such collection could
easily result in irreparable damage to the survival of the specie and also to the
ecosystem which supported it. Plant biotechnology may readily assist in the
conservation and production of large amounts of plant material even for the
most sensitive of species through cryopreservation and micropropagation
techniques.

Until the present time, the germplasm banks that maintain tissue culture
collections do so in order to provide breeders and scientists with genetic
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material of agricultural and horticultural plants and their wild relatives. These
technologies may be applied also to plants which produce commercially
valuable secondary compounds in order: (i) to conserve and protect rare or
inaccessible plants which accumulate secondary compounds of known
biological activities; (ii) to retain genomic material of endangered plants whose
biological properties are presently either unknown or not exploited; and (iii) to
store transgenic plants, or their progenitor forms, that may be impaired with
respect to their ability to reproduce by the normal means. The relatively high
expense involved in this form of germplasm storage implies that its application
must initially be limited to the storage of material for which there is a defined
rather than a speculative use. The most obvious application is in the universally
difficult area of obtaining fresh material of an unusual plant for biochemical
and biomedical studies, and of retaining the original line for future experiments.
In this case, in vitro storage of the parent plant, coupled with in vitro clonal
propagation, could provide the continuity of material required. Interest in the
micropropagation of medicinal plants has recently emerged with studies
concerning the in vitro multiplication of, for example, Pilocarpus microphyllus,
Maytenus ilicifolia, Baccharis trimera and Artemisia annua currently underway
in a number of laboratories in Brazil.

Chemical Elucidation of Biologically Active Principles. Brazil has a world-
recognised history of excellence in classical phytochemistry and many Institutes
in Brazil are already adequately equipped and employ highly qualified
personnel to carry out basic structural elucidation. It is now of paramount
importance that research funding be available specifically to those groups
wishing to undertake phytochemical studies where the separation of compounds
is monitored by the increase in a target biological activity and not merely by
chemical class. Clearly such a radical alteration in primary objective of
phytochemical research requires that the mechanisms for obtaining a wide
range of biological tests should be set up immediately.

Technologies for the Large Scale Production of Natural Products. The
appropriate technology for the commercial scale production of a natural product
depends on the characteristics of the target compound and could involve full
chemical synthesis, biotechnological processes or a combination of both.
Ideally, a potential target should be a single molecule or a small group of
closely related molecules. For any other situation, chemical synthesis would be
inappropriate and plant biotechnology is not sufficiently advanced to enable the
manipulation of multi-pathways. At present it is not possible to enhance
productivity of complex flavour, aroma and cosmetic compounds by
biotechnological methods, and traditional cropping techniques would remain
the most suitable form of exploitation. However, the yield of the producing
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plant could still be significantly improved by protecting the plant from, for
example, microbial attack through genetic engineering as outlined below.

When an identified target molecule has a relatively simple chemical
structure, it may be possible to carry out a total synthesis and purification of the
compound on an economical basis. This is not usually the case, however: out of
50 purified products from plants, all of which can be chemically synthesised,
only 9 may be manufactured economically through total chemical synthesis (2).
A specific example of this is to be seen in the case of the anti-malarial
sesquiterpenoid artemisinin found in Artemisia annua which is now being
considered as a potential crop plant in Western Europe, India, USA and Brazil.
The active principle is effective against chloroquinine-resistant, chloroquinine-
sensitive and cerebral malarias (3); indeed, the B-ethyl ether of artemisinin has
been selected by the World Health Organisation for the treatment of severe and
complicated forms of Plasmodium falciparum malaria (4). A. annua also
produces several sesquiterpenoid endoperoxides which have potential as natural
herbicides (5), and a highly aromatic essential oil, the major component of
which is artemisia ketone (6), which may possess insect repellent and anti-
microbial activities. The various synthetic routes to artemisinin that have been
described (7 and papers quoted therein) are multi-step, complex and not
commercially plausible.

Where total chemical synthesis is not viable then the active principle must be
obtained either completely or partially from a natural source. Often, however,
active principles are present only in minute amounts in material from the source
plant. The classical example of this situation refers to the anti-leukaemic
dimeric alkaloids vincristine and vinblastine from Catharanthus roseus. These
compounds may be obtained from the leaves of periwinkle plants grown in the
field, but the yield of active principle is less than 0.001% (w/w) making these
amongst the most expensive of drugs. Similarly, the content of artemisinin in
A. annua has been shown to be rather low and variable within the range 0.003 -
0.21% wiw (8).

Even when an active compound is present in extractable quantities in the
plant, the natural source itself may still not be appropriate for large scale
production. Thus, whilst the anti-cancer diterpenoid taxol may be prepared from
the bark of the yew tree (Taxus brevifolia), harvesting source material destroys
the plant (12 trees are required per patient) and seedlings take 50 - 60 years to
reach maturity. Where the plant source is rare, endangered or essential for the
preservation of the natural ecosystem, then use of the natural source as such is

clearly inappropriate.
Application of Plant Biotechnology to Secondary Compound Production

Plant biotechnology offers two distinct strategies for the production of
secondary compounds on a commercial basis. When a product is required in a
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pure form, in small quantities (less than 5000 kg per year) and at a high price
(minimum $3000 per kg) then the possibility to use fermentation technology
becomes available. This may be through de novo synthesis in a culture system,
or by a two-step process involving both chemical synthesis and a biotrans-
formation stage. Alternatively, the yield of the compound(s) of interest may be
increased in planta by the manipulation of the intrinsic biosynthetic pathways
through genetic engineering. The latter technology offers many exciting
possibilities and would seem to be the most appropriate in the context of
resources available in Brazil. Indeed, this strategy is the only available route
when a product is required to act within the plant itself (ie transferring a
specific antimicrobial activity to a crop plant).

Fermentation Processes. Following two decades of intensive research, there
are currently only a handful of potentially, commercially viable processes for
the production of secondary products - including the well known examples of
shikonin and berberine (9, 10) - through de novo fermentation of unorganised
plant cells. Since the fermentation of cell cultures has produced little success in
the past, and has a relatively poor prognosis for the future, research effort in this
area would seem to be better directed towards the use of fully differentiated
organ cultures, the biosynthetic capacities of which are preserved in vitro. In
this context, transformed root organ cultures which can be grown in the dark,
have low aeration and nutrient requirements and show fast growth rates, present
very good possibilities for the development of a commercial process.
Transformed root organ cultures may often be formed readily by infection of
a sterile plant, explant or callus with the soil-borne bacterium Agrobacterium
rhizogenes, or by direct insertion, using a biolistic technique, of the rol genes
(which are responsible for rhizogenesis) isolated therefrom (/). The neoplastic
outgrowths which thus form typically within 2-3 weeks, can be removed and
cultured in either solid or liquid medium as axenic root organs. These
transformed roots (often referred to as "hairy-roots") commonly exhibit very
high growth rates (sometimes 10 times higher than those of their non-
transformed counterparts) when cultured in very low strength medium and in
the absence of growth regulators, the presence of which may be detrimental to
secondary compound accumulation in vitro. The cultures are genetically and
biochemically very stable and usually possess the same biosynthetic capacities
as the roots of the intact plant. Table I provides examples of the accumulative
capacities of some transformed root cultures. In view of their rapid growth rate,
their minimal bioreactor requirements, and the relative ease with which
products may be isolated from these cultures, it is anticipated that transformed
root cultures will be amenable to commercial exploitation for the production of
high value fine chemicals. Low technology, low cost bioreactors of the roller-
bed type are already available for the production of high quantities of biomass
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Table I Examples of Production of Secondary Compounds in
Agrobacterium rhizogenes-transformed Root Cultures

Plant Species Compounds Productivity cf.
Accumulated Normal Root*
Atropa belladonna scopolamine, hyoscyamine 6.6 fold increase
Calystegia sepium scopolamine, hyoscyamine 26 fold increase
Centranthus spp.
Fedia spp. valepotriates up to 25 fold increase
Valerianella spp.
Hyoscyamus spp. scopolamine, hyoscyamine 8.2 fold increase
Lippia dulcis hernandulcin, no hernandulcin
monoterpenes produced by non-
transformed roots
Nicotiana tabacum nicotine 10 fold increase
Panax ginseng ginsenosides 13 fold increase

* The amount of secondary compound produced (per litre of culture per day) by the
transformed culture compared with its non-transformed counterpart.

from transformed roots, and such systems could be attractive for natural
compound production in Brazil.

Two-step Synthesis. = Whilst unorganised cultures may not accumulate
secondary compounds in significant amounts, they typically maintain the
capacity to catalyse individual steps in the biosynthetic pathways elaborated by
the parent plant. Cell-free systems or partially purified enzyme preparations
derived from tissue cultured cells are often able to transform both natural
precursors and foreign substrates, the latter yielding novel natural products
which should be suitable for pharmaceutical screening (/2). It is anticipated that
a mixture of technologies (ie chemical synthesis coupled with in vitro
techniques) might be utilised either by the initial, facile (ie cheap) chemical
synthesis of an intermediate followed by biotransformation to the end product,
or by the formation of a complex compound through in vitro culture which can
be extracted and submitted to minimal chemical transformation to yield a
biologically active derivative.

The work that perhaps demonstrates most significantly the potential
application of this area of plant biotechnology for the synthesis of medicinal
compounds is that of Kutney and his co-workers in Vancouver, Canada (/3)
concerning the synthesis of etoposide. This lignan, originally isolated from
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Podophyllum peltatum, has been shown to be efficacious in the treatment of
myelocytic leukaemia, testicular, bladder and small-cell lung cancers. As is the
case for many complex natural products, total synthesis of the active principle
is not commercially feasible: the most attractive process developed so far
involves the relatively facile modification of the pre-formed skeleton of
podophyllotoxin which must also be obtained from P. peltatum. However,
dependence on a plant source for a major feed-stock may be disadvantageous in
terms of quality, quantity and continuity of supply. A synthesis of etoposide has
been developed (13) that uses both traditional chemical reactions involving
readily available starting materials, together with further elaboration of the
complex structure using an enzyme system derived from plant cell cultures.
Starting with a readily available aldehyde, a precursor of podophyllotoxin could
be obtained by a short reaction sequence which afforded very high overall
yields of product. Peroxidases present in cell free extracts from cultures of
Catharanthus roseus are, apparently, not only capable of bringing about C-C
bond linkages in indole alkaloids normally present in the parent plant, but can
also accept foreign substrates. Such a cell free system was able to cyclize the
podophyllotoxin precursor in excellent yields and the product could be readily
converted into podophyllotoxin for further elaboration to etoposide.

Similar studies are underway in a number of laboratories and it is to be
expected that many more "hybrid" synthetic routes will be developed as the
potential of in vitro systems becomes more apparent.

Genetic Engineering. A key and exciting avenue of plant biotechnology
which is currently receiving extensive research interest is the improvement of
higher plants through gene transfer. With such technology it is possible:

(i) to increase the protein content (and hence activity) of a regulatory enzyme in
a pathway already extant in a plant and thus to up-regulate the accumulation of
compound(s) on the target pathway - clearly application of this procedure
should result in plants with increased yields of biologically active principles;
(ii) to introduce a novel biosynthetic pathway into a plant - an example
application might be to transfer chemical defence mechanisms between plants
or even between micro-organisms and plants;

(iii) to suppress partially or completely the production of unwanted compounds
by inhibiting the formation of the enzyme(s) responsible for that portion of the
pathway - an alternative application of this strategy could be to block a
particular branch of a pathway hence diverting carbon flux (precursors) along
desirable branches of the pathway.

The introduction and stable incorporation of a foreign DNA sequence into
the chromosome of a commercially important plant has, until recently, been
commonly brought about using Agrobacterium-based vector systems. However,
such systems have one major disadvantage namely the limited host-range of
infection. For example, in the case of Glycine max (soybean) infection
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with Agrobacterium tumefaciens is restricted to one variety only and this,
unfortunately, has no commercial value. The latest technology for the delivery
of foreign genes into plant material employs direct gene transfer using biolistic
devices. This method involves bombardment of cells or tissues with high
velocity metal particles coated with DNA, and it has been used in numerous
laboratories for genetic transformation of diverse plant species (/4). The
advantages of the biolistic system are that it permits transformations
independent of genotype and allows a large number of transformants to be
recovered in order to assess the levels of gene expression. Whether foreign
DNA is introduced into unorganised cells by a biolistic technique or by using
disarmed Agrobacterium vectors, an efficient regeneration protocol must be
established in order to obtain an intact, transgenic plant.

Details of examples of transfer of specific genes encoding for key enzymes
in biosynthetic pathways to secondary compounds are now becoming available
(Table II). Hamill and co-workers (15) used an A. rhizogenes vector system to
introduce copies (3 to 7 inserts per genome) of a yeast cDNA sequence coding
for ornithine decarboxylase into roots of Nicotiana rustica. The transformed
roots showed a 3-fold increase in activity of this enzyme compared to control
cultures and were also enhanced in their capacity to accumulate putrescine (the
product of ornithine decarboxylation) and nicotine (which derives from
putrescine), the latter being increased by 2-fold. The authors point out that,
although the increase in enzymatic activity in transgenic roots was lower than
had been anticipated, it was "demonstrated that flux through a pathway to a
plant secondary product can be elevated by means of genetic manipulation”. On
the other hand, Berlin and co-workers (76) obtained a 10-fold increase in
tryptophan decarboxylase (TDC) in roots of Peganum harmala which had been
transformed with A. rhizogenes containing a DNA sequence from C. roseus
coding for the decarboxylase. In this case, although non-transformed roots
showed undetectable levels of seratonin (a product of tryptophan
decarboxylation), the transgenic roots accumulated 15 - 20 mg per gram dry
weight of this proto-alkaloid. A similar large increase in TDC (more than 40-
fold) was obtained following insertion of a cDNA encoding for this enzyme
into regenerated plants of N. tabacum (17), and in this case tryptamine levels
were stimulated by up to 260-fold compared with control plants.

A further successful report of the up-regulation of an existing pathway
concerns the enhanced formation of the anticholinergic drug scopolamine from
the less active hyoscyamine in Atropa belladonna (18). A cDNA sequence from
Hyoscyamus niger coding for hyoscyamine 6-8-hydroxylase (an enzyme which
catalyses both hydroxylation and epoxide formation in hyoscyamine), placed
under the control of the CaMV 35S promoter, was transferred using a disarmed
Agrobacterium tumefaciens vector to yield transgenic plants of Afropa
belladonna. Selfed progenies from one transgenic line yielded up to 1.25%
scopolamine (on a dry weight basis) in leaf tissue compared with the

In Chemistry of the Amazon; Seidl, P., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



CHEMISTRY OF THE AMAZON

9SUIS-TIUR ISBISJSURN]AqIow

Lz urusy| Wnovqv) DUDROIIN DAUDS 0SDIIPIW -0-€ pioe dIdjJen
paonpas ASUIS-TIUE I5BJONPaI
(274 Ananoe owkzua amdoonu.oo v1pa,g vuvtyoyy sisdoprqoay V0D 1A 3iAqewlxorpAy-¢
paonpal
ST VAR QWAZTS  winpuanosa uod1s4adook]  wntuamosa uodis1adooly asuas-nue sseuoimoeredLjod
o surreooyjue vp1qhy D1unpg vp1qhy vrungag 3SUIS-NUR ISBIPUAS 2UOO[RYD
jouareo}oko
‘[orxsadures
‘o1o)sewIdns asejonpal
o€ ‘Jo19)s0)IS wWnovgv] DUDIHONN Jajsurey VoD [Lieni3AqomAxoIpAy-¢
62 uuezIe vupSaiad vigny 1102 DIYI1YOST aseINWAX0IPAY )BWSLIOYOO0S]
€T auaIpoyILn WNoVgY) PUDYOJIN  SIPIoIYOLL1040dS WnLDSN aseqjuAs auaIpoyoL)
DL2f1ulA SUIA
w1z [oneIaASaI WNIVGD) DUDIHOININ ‘vav8odLy swovry aseqjuis auaqus
174 SULIDABPED wnovqD] DUDOOIN 124D DIUfoRy ase[AX0qIedap auIsk|
paoueyu
61 £1anoe swkzuo wWnoVqD) DUDIIOIIN SNaso4 snysupoy1o?) aseqyus SUIPISOJOL)S
81 aururejodoos vuuopwy)aq vdodry L281u snumosolyy asejAxo1pAy-g¢-9 sururefosoLy
L1 sutureyd£n wWnIDqY) DUDIHOINN SNaso. SnyupyYIv?) asejAxoqaeoap ueydoydLn
91 uruojeIaS vuLy wnuv8ag SNaso4 snysuv.yIv) asejAxoqreodp ueydojdLn
Sl sunoom ‘sursannd DONSNL DUDIOIIN 15894 95B[AX0qIEOop QU IUIO
MUY  INpoid LIepuong psuLIojsuB.L], JusB|J VN Jo 221mog asuanbag Smpo) somlzuyg

uonendiuely ajousy) £q sponpolg L1epuoag jo uonemday Ij dqel

S00Y0"8850-G66T-40/TZ0T 0T :10p | S66T ‘TE Yok N 81 uoiedljond
Buosze'sgndy/:dny | ZT0Z ‘9T o100 Uo Hd |1 NIFHD AINN AHOINVIS Aq pepeojumoq

In Chemistry of the Amazon; Seidl, P., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: March 31, 1995 | doi: 10.1021/bk-1995-0588.ch005

Downloaded by STANFORD UNIV GREEN LIBR on October 16, 2012 | http://pubs.acs.org

5. PLETSCHETAL.  Secondary Compound Accumulation in Plants 61

wild-type plant which accumulated only 0.29% alkaloid, and of this
approximately 96% was hyoscyamine.

Assuming that the correct substrate is available for a pathway not presently
operating within a specific plant, it should be possible to introduce a novel gene
the expression of which would lead to a novel product. A modified cDNA
sequence coding for strictosidine synthase, a key enzyme in the pathway to
vinblastine and vincristine in C. roseus, has been transferred to N. tabacum
(19). The construct was efficiently expressed in the transgenic plants with the
enzyme being correctly targeted to the vacuole: interestingly, tobacco produced
two separate isoenzymic forms of the synthase whereas C. roseus possesses just
one form. No strictosidine was produced in the transgenic tissue since tobacco
lacks the appropriate substrate. Herminghaus and co-workers (20) transformed
N. tabacum using a disarmed binary vector harbouring a plasmid containing the
lysine decarboxylase coding sequence from the bacterium Hafnia alvei fused to
DNA encoding a chloroplast-targeting peptide. Transformants showed higher
chloroplast decarboxylase activity and also accumulated cadaverine at 0.3 -
1.0% dry weight in leaf tissue: non-transformed plants and those transformed
with a non-targeted sequence contained barely detectable levels of cadaverine.

Some workers have succeeded in transferring genes associated with the
formation of secondary compounds which may have important roles in plant-
microorganism or plant-insect defence systems. In one case, a genomic
sequence from Arachis hypogaea coding for stilbene synthase has been
introduced into tobacco protoplasts (27). This synthase is responsible for the
formation of the phytoalexin resveratrol (3,4',5-trihydroxystilbene) which is
induced following attack by, for example, Botrytis cinerea on Vitis vinifera,
Picea sitchensis or A. hypogaea. Stilbene synthase activity could be induced, by
UV light or fungal elicitor, in all parts of the transgenic plants regenerated from
protoplasts, and up to 50 ng of resveratrol per gram fresh tissue was
accumulated within 24 hours of induction. In an extension to these studies (22),
two full length genes from V. vinifera for stilbene synthase were introduced into
tobacco through direct protoplast uptake, and the transgenic plants regenerated
from them were able to produce up to 400 pg resveratrol per gram fresh weight
following infection with B. cinerea. These plants showed a significantly higher
resistance to the fungal infection than did non-transgenic controls. This work is
of considerable importance since it is the first to show that the introduction of a
foreign phytoalexin gene under the control of its own inducible promoter can
confer a degree of disease resistance in the recipient plant.

In another example, a gene, isolated from the fungus Fusarium
sporotrichioides, which encodes for trichodiene synthase (the enzyme
responsible for the production of the toxic sesquiterpenoid trichodiene) has
been introduced into tobacco (23) and trichodiene was accumulated at low
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concentrations (5 to 10 ng per gram fresh weight of tissue) in the transgenic
plants. The constitutive synthesis of this fungal toxin may very well bring about
an alteration in insect feeding habit.

Introduction of a specific cDNA sequence in an inverse orientation ("anti-
sense") can often lead to inhibition of expression of the endogenous gene. For
example, a chalcone synthase gene was introduced into Petunia hybrida in an
anti-sense orientation causing a reduction in chalcone synthase mRNA and
resulting in plants with a reduced flower pigmentation (24). Transgenic
tomatoes that stably expressed RNA anti-sense for polygalacturonase showed a
significant reduction in the activity of this enzyme and, consequently, a
remarkable delay in the onset of ripening of the tomato fruit (25). Similarly,
when a cDNA sequence coding for 3-hydroxymethylglutaryl coenzyme A
reductase (HMGR: a key enzyme in the regulation of the early isoprenoid
pathway) was introduced in the anti-sense mode into roots of Fedia
cornucopiae, HMGR activity was reduced by 11-fold (26).

A further example of the use of anti-sense technology is the constitutive
expression in the anti-sense mode of a caffeic acid 3-O-methyltransferase gene
from Medicago sativa in transgenic tobacco leading to a reduction (of
approximately 50%) in lignin content (27). The down-regulation of lignin
production would be highly advantageous to the paper pulp industry and could
also be employed to improve the digestibility of forage crops.

Genetic manipulations involving both the up-regulation of key enzymatic
activities through gene-dosage and the inhibition of competing or unwanted
pathways by anti-sense RNA should provide a successful strategy by which
secondary compound yield in biologically active plants might be improved. An
example of a strategy involving both sense and anti-sense technologies in order
to regulate pathway genes is provided in our current studies involving the
enhancement of accumulation of artemisinin in Artemisia annua in which we
are attempting to up-regulate HMGR, farnesylpyrophosphate synthase and
germacranadiene cyclase in order to enhance carbon flux towards
sesquiterpenoid synthesis, and partially to down-regulate squalene synthase in
order to reduce synthesis of steroids. It is of interest to note that this is the very
strategy employed by tobacco cells when the synthesis of 5-epi-aristolochene (a
sesquiterpenoid phytoalexin) is induced following treatment with cellulase: the
mechanism of induction involves an increase in sesquiterpenoid cyclase activity
(correlated with the synthesis of mRNA coding for this enzyme) and a decrease
in squalene synthase activity (28).

Conclusion
As can be seen from the examples provided above, Brazil could readily employ

these new methodologies in plant biotechnology for the exploitation of
bioactive compounds to be found in the diverse floral resource of the Country.
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Clearly the technology is now in place through which both primary and
secondary metabolism may be perturbed by manipulation of the plant genome.
Whilst our knowledge of the natural control of secondary metabolism is still
insufficient to enable us fully to predict the magnitude of the effect of foreign
gene insertion, it has been shown already that it is possible to regulate segments
of pathways. The control of entire metabolic pathways may be available to us in
the future, possibly through the manipulation of genes which control
developmental processes. Even with our present state of knowledge, however,
the prospects for designing transgenic root organs and regenerated plants with
higher yields of specific secondary compounds are extremely promising. On the
other hand, our ability to produce plants in which unwanted side-products are
eliminated is virtually definite.

Acknowledgements

The authors are very grateful to the Conselho Nacional de Desenvolvimento e
Pesquisa (CNPq/RHAE) and the Fundagio de Amparo 2 Pesquisa do Estado de
Alagoas (FAPEAL) for financial support of the Plant Biotechnology
programme at the Universidade Federal de Alagoas. One of us (BVC) wishes to
thank the Associagio Brasileira de Quimica (ABQ) for financial support in
attending the 1st International Symposium on Chemistry and the Amazon.

Literature Cited

1 Harborne, J. B.; Baxter, H. Phytochemical Dictionary; Taylor and
Francis: London, 1993.

2 Phillipson, J. D. In Secondary Products from Plant Tissue Culture;
Charlwood, B. V.; Rhodes, M. J. C., Eds.; Clarendon Press: Oxford,
1990; pp 1-21.

3 Klayman, D. L.; Lin, A. J.; Acton, N.; Scovill, J. P.; Hoch, J. M,;
Milhous, W. K.; Theoharides, A. D.; Dobek, A. S. J. Nat. Prod. 1984,
47,715-7117.

4. ElSohly, H. N.; Croom, E. M.; El-Feraly, F. S.; El-Sherei, M. M. J. Nat.
Prod. 1990, 53, 1560-1564.

5. Chen, P. K.; Leather, G. R.; Klayman, D. L. Plant Physiol., 1987, 83S,
Abstr. 406.

6. Banthorpe, D. V.; Charlwood, B. V. Nature (New Biol.) 1971, 231, 285-
286.

7. Ravindranathan, T.; Kumar, M. A.; Menon, R. B.; Hiremath, S. V. Tet.
Lett. 1990, 31, 755-758.

8 Charles, D. J.; Simon, J. E.; Wood, K. V.; Heinstein, P. J. Nat. Prod.
1990, 53, 157-160.

In Chemistry of the Amazon; Seidl, P., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: March 31, 1995 | doi: 10.1021/bk-1995-0588.ch005

Downloaded by STANFORD UNIV GREEN LIBR on October 16, 2012 | http://pubs.acs.org

64 CHEMISTRY OF THE AMAZON

9. Fujita, Y.; Tabata, M. In Plant Tissue and Cell Culture; Green, C. E.;
Somers, D. A.; Hackett, W. P.; Biesboer, D. D., Eds.; Alan R. Liss: New
York, NY, 1987; pp 169-186.

10. Fujita, Y. In Plant Tissue Culture: Applications and Limitations;
Bhojwani, S. S., Ed.; Elsevier: Amsterdam, 1990; pp 359-275.

11. Kodama, H.; Irifune, K.; Kamada, H.; Morikawa, H. Transgenic Res.
1993, 2, 147-152.

12.  Suga, T.; Hirata, T. Phytochemistry 1990, 28, 2393-2406.

13.  Kutney, J. P. Synlett 1991, (1), 11-19.

14.  Sanford, J. C. Physiol. Plant. 1990, 79, 206-209.

15. Hamill, J. D.; Robins, R. J.; Parr, A. J.; Evans, D. M.; Furze, J. M.;
Rhodes, M. J. C. Plant Mol. Biol. 1990, 15, 27-38.

16.  Berlin, J.; Riigenhagen, C.; Dietze, P.; Fecker, L. F.; Goddijn, O. J. M.;
Hoje, J. H. C. Transgenic Res. 1993, 2, 336-344.

17.  Songstad, D. D.; De Luca, V.; Brisson, N.; Kurz, W. G. W.; Nessler,
C. L. Plant Physiol. 1990, 94, 1410-1413.

18.  Yun, D-J.; Hashimoto, T.; Yamada, Y. Proc. Natl. Acad. Sci. USA. 1992,
89, 11799-11803.

19. McKnight, T. D.; Bergey, D. R.; Burnett, R. J.; Nessler, C. L. Planta
1991, 185, 148-152.

20. Herminghaus, S.; Schreier, P. H.; McCarthy, J. E. G.; Landsmann, J.;
Bottermann, J.; Berlin, J. Plant Mol. Biol. 1991, 17, 475-486.

21. Hain, R.; Bieseler, B.; Kindl, H.; Schroder, G.; Stécker, R. Plant Mol.
Biol. 1990, 15, 325-335.

22.  Hain, R.; Reif, H-J.; Krause, E.; Langebartels, R.; Kindl, H.; Vornam,
B.; Wiese, W.; Schmelzer, E.; Schreier, P. H.; Stocker, R. H.; Stenzel, K.
Nature 1993, 361, 153-156.

23. Hohn, T. M,; Ohlrogge, J. B. Plant Physiol. 1991, 97, 460-462.

24. Van der Krol, A. R.; Lenting, P. E.; Veerstra, J.; Meer, 1. M.; Van der
Koes, R. E.; Gerats, A. G. M.; Mol, J. N. M.; Switje, A. R. Nature 1988,
333, 866-869.

25. Smith, C. J. S.; Watson, C. F.; Ray, J.; Bird, C. R.; Morris, P. C.;
Schuch, W.; Grierson, D. Nature 1988, 334, 724-726.

26. Munasinghe, K. PhD Dissertation; University of London, 1992.

27. Ni, W.; Paiva, N. L.; Dixon, R. A. Transgenic Res. 1994, 3, 120-126.

28.  Vogeli, U.; Chappell, J. Plant Physiol. 1990, 94, 1860-1866.

29.  Lodhi, A. PhD Dissertation; University of London, 1994.

30. Chappell, J.; Proulx, J.; Wolf, F.; Cuellar, R. E.; Saunders, C. Plant
Physiol. 1991, 96, 127.

RECEIVED November 2, 1994

In Chemistry of the Amazon; Seidl, P., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: March 31, 1995 | doi: 10.1021/bk-1995-0588.ch006

Downloaded by NORTH CAROLINA STATE UNIV on October 15, 2012 | http://pubs.acs.org

Chapter 6

The Promise of Plant-Derived Natural
Products for the Development of New
Pharmaceuticals and Agrochemicals

James D. McChesney

Research Institute of Pharmaceutical Sciences, University of Mississippi,
University, MS 38677

Plant-derived natural products hold great promise for discovery and
development of new pharmaceuticals and agrochemicals. Careful
consideration of the process of discovery and development - a
“systems” approach - will be required to bring this great potential to
realization. A “systems” analysis is outlined and ilustrated in this
paper.

This article covers the approach at the University of Mississippi, Research Institute
of Pharmaceutical Sciences on the process of discovery and development of new
pharmaceuticals and agrochemicals starting with natural product preparations.
Pharmaceuticals will be emphasized since those are often more easily understood in
a general context. It must be pointed out, however, that all the things that are said
about pharmaceuticals similarly apply to agrochemicals. The key issue is the
particular and specific biological question that is being addressed: Does the
substance being investigated have utility to treat disease in the human thus making
the agent a pharmaceutical or, alternatively, does the substance have biological
activity to control an agricultural parameter such as inhibit the growth of weeds,
control insect damage or provide medical treatment for domestic animals. Those
would all represent agrochemical applications. To summarize, pharmaceutical
development will be utilized as the example here but it should be emphasized that
development of pharmaceuticals and agrochemicals utilize very similar processes.

Drug Development

Initially, the pipeline concept of drug development should be discussed. This is
shown in Figure 1. There are very distinct periods during the time of development
of new pharmaceuticals; a period of discovery and once certain criteria are met,
those discoveries become development candidates and in turn, once safety and
efficacy have been demonstrated, approval to market the substance as a
pharmaceutical can be gained from various regulatory agencies (/). The usual
periods that are associated with the development of new pharmaceuticals are shown
in Figure 1. There is a period of conceptualization where it is decided that new lead
compounds with specific desirable biological activity will be sought; a decision is
made about how to seek those compounds, whether from synthetic, organic

0097—6156/95/0588—0066$12.00/0
© 1995 American Chemical Society

In Chemistry of the Amazon; Seidl, P., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



67

6. MCCHESNEY Plant-Derived Natural Products

2uamdopas Sniq jo y3deduo) dmpdig *1 N3y

paIsaL
padopaasq sjonpory Adeaq
suonenuIog emeN 10y Juady
Ppue suLog : PalEnI] pus pue MIN ¥98
98BS0 MON ¢ : oI PaysIqeIsy S[woTwSY) 0} UOISIOA(
INE R Sa5BY TedtuI) weld ANI :
H pasaL poynuap[

: RIS soaneARq soamog spnpo1g
ponsmg qﬁﬂnﬂ&& porenny pus sSofeuy N ‘paEnI

: sopms SisoquAS [eormag)
yoddng SuoneIIpuL payoune] ;

TeorO Ty sisaL
SunayreN MmN uonewimyuoy | PPIRUSPL

_ — porenmy i PUR UISOYD Liag!
Joue[[I2AMS panoiddy POt ANT Jepipue)
Sunoyre-1sod VaN

v ﬁ \ h % v H v A\

pousd uoisuedx3 eur

A
v

g

pouad juswdojaasg 6nig pouad Aianoosiqg Bnug
pue Buiaxse bnug

A

In Chemistry of the Amazon; Seidl, P., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.

sy

900U9'8850-G66T-0/TZ0T 0T :10P | S66T ‘TE YDA :9%eQ U0l jgnd
Bio'sde'sgnd;/:dny | 2T0g ‘ST 48goIo0 U0 AINN ILVLS YNITOHYD HLHON Ad papeojumoq



Publication Date: March 31, 1995 | doi: 10.1021/bk-1995-0588.ch006

Downloaded by NORTH CAROLINA STATE UNIV on October 15, 2012 | http://pubs.acs.org

68

chemistry libraries or from natural product sources. The next and most important
step is the development of a specific and appropriate biological assay procedure and
then with that biological assay, various chemical substances are evaluated and
ultimately chemical leads are discovered. Those leads represent specific
compounds which have promise to bring about the particular biological response
that is being sought. As lead compounds are identified, then effort is made to
expand upon those through standard medicinal chemistry approaches including
molecular modeling. From medicinal chemistry effort will flow a suite of
compounds, so-called chemical cousins, and the evaluation of their biological
activity gives an idea about structure activity relationships to elicit this biological
activity. Ultimately from that family of compounds, certain specific "candidates"
are identified based upon their potency and other desirable properties. Of particular
importance at this stage, is initial evaluation of the breadth of pharmacological
activity, i.e. how specific is the substance in eliciting the particular biological
response and what are the parameters that might be associated with toxicity of the
compound. Once candidates have been chosen and various additional tests
evaluated, then a program of development is defined. An investigational new drug
development plan is formulated and the substance evaluated such that it may
ultimately enter human clinical evaluation or trial. When sufficient information is in
hand, an investigational new drug (IND) application can be filed with the regulatory
agency. That investigational new drug application, when approved, provides the
authorization to enter the substances under study into human clinical evaluation.
Those evaluations in the clinic are divided ordinarily into three or more phases.
Initially evaluation of safety is made; how toxic or how well tolerated is the agent in
healthy volunteers? (Phase I). For compounds which pass this early phase, then
they are evaluated in patients wherein efficacy to treat the particular disease is
initially evaluated. (Phase II). Finally with sufficient safety and efficacy
demonstrated in phases I and II, then a broad Phase III clinical evaluation
involving large numbers of patients can be initiated. As clinical trials progress,
information is being developed in support of a new drug application (NDA) which
will be submitted to the regulatory agency seeking approval to market the substance
for treatment of a particular disease or disorder. That approval process, when
finished, which allows the pharmaceutical company to enter a marketing phase, also
requires that the company monitor for any unexpected toxicities which might show
up once the agent is being used broadly in a diverse population of patients.

How long does all this take? The usual range of time required to accomplish
the development processt ranges from 4 years at the very shortest to as much as
nearly 20 years. On average more than one decade is required. To validate the
numbers in this statement, it should be pointed out that in 1992 the Food and Drug
Administration of the United States approved between 25 and 30 new chemical
entities as pharmaceuticals. The average time in development for those new drugs
was 12.6 years. The costs associated with the various stages of this process total
between to 30-35 million dollars. This amount seems to be a very low compared to
what one sees quoted in newspapers and hears reported in television news shows
dealing with drug development. Those quoted numbers of 300 million dollars seem
to be quite large compared to what is reported here (2). However, I would
emphasize that the lower numbers relate just to the specifics of development of a
single successful agent. They do not account for all of the failures that occur during
the process nor they account in any way for the "lost opportunity” that one would
have simply by taking money and investing it in government bonds, for example,
rather than risking the money by investing it in research and development for which
there is no certainty of outcome. So the 30-35 million dollars is an estimate of the
costs associated with the successful agent. It does not in any way account for the
costs associated with all of the trial and error leading to the discovery of that first
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successful candidate and its subsequent development and the many cases where
agents have failed because of toxicity or other unexpected problems.

Discovery/Development of New Pharmaceuticals

If it takes so long and costs so much, how is it that new pharmaceuticals are found
at all? Well, there are various ways that new pharmaceuticals are discovered and
developed. One of the most direct is the observation that drugs that have been in
utilization for a period of time show up in the clinic as having potential for other
uses. A particular example is the agent levamasol which has been utilized for a very
long time as a veterinary product and more recently has been shown to possess
selective and specific immune stimulatory activity and so is now incorporated into
cancer chemotherapy regimens to enhance the body's own resistance to cancer and
thereby enhance chances of remission following surgery or radiation therapy. So
old drugs are observed in clinical use to have potential new uses. A second way in
which substances are shown to have drug utility is through the evaluation of
normal or usual physiological substances. In fact, this approach is the basis upon
which much of the biotechnology era of discovery and development of
pharmaceuticals is based. Hormones or regulatory agents, enzymes, etc. have been
identified, their role in the physiology of man defined, and as a consequence,
control of their concentration and thereby their physiological effects provides
pharmaceutical benefit. This is the basis for the development of many
biotechnology companies. A third approach that might be utilized is the synthesis
of new chemical substances. One may look at lead compounds or compounds
known to have some desirable biological activity and use those as models or
templates - the so-called "designed" chemical synthesis approach. As was
mentioned, for example, in the initial discussion of the discovery and development
of pharmaceuticals, once a lead substance has been identified, then chemical
cousins are prepared and evaluated. That's a type of design chemical synthesis that
is utilized extensively for the discovery and development of pharmaceuticals. An
alternative is to go into the laboratory as an organic chemist and have fun just
making new compounds - compounds that have never been made before. It's a
little bit like the mountain climber who climbs the mountain "just because it's there"
and no one else has already climbed it. Since a chemist visualizes this particular
molecule, it's not one which has been made and so the challenge is to make it and
then once it has been made it, to evaluate it for potential utility. Numerous
examples might be quoted in this area; perhaps the most significant being the
discovery of the benzodiazepene class of minor tranquilizers. That discovery arose
from just such an approach; preparation of an interesting chemical structure in the
laboratory and the subsequent submission of that chemical substance for
pharmacological evaluation. Finally, new pharmaceuticals can be discovered and
developed through evaluation of natural product preparations. Those natural
product preparations may derive from animals, for example, marine animals; they
may derive from micro-organisms, and here antibiotics can be used as an example
of a particularly significant group of pharmaceuticals that have been discovered and
developed from micro-organism fermentation broths. And finally, plants might
serve as a source for new substances that can be evaluated for pharmaceutical
application. And, in fact, historically, plants have been a very significant source of
new pharmaceuticals, perhaps the most important source.
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Role of Natural Products in Discovery of New Pharmaceuticals

So natural products have a role in discovery. This role derives from the
observation that all organisms interact among themselves and with their
environment by chemical means. Organisms protect themselves, communicate with
others of their own kind, etc. by means of chemical substances (3). Those
interactions of organisms are very specific and effective. One may wonder how it
is that certain insects are ever able to identify their opposite sex and thereby
propagate their kind. That communication takes place largely by chemical means
through various specific substances which attract either the male or female to the
opposite gender. Many organisms protect themselves by secreting chemical
defense substances (3). The function of these chemicals is to enhance the
competitiveness of the organisms in their environment, making them more
successful, in turn creating the opportunity for them to propagate offspring.
Because there are literally millions of different organisms, all communicating
among and between themselves with chemical means, that means that there are
literally millions of chemical structure types to select from for evaluation for
pharmaceutical or agrochemical application.

This has not gone unnoted historically since natural product preparations
have been the major source of pharmaceutical agents. Indeed, more than 90% of
current therapeutic classes derive from a natural product prototype and interestingly,
even today, roughly two-thirds to three-quarters of the world's population rely
upon medicinal plants for their primary pharmaceutical care. Those medicinal
plants represent natural product substances or preparations which have utility as
pharmaceutical agents.

There have been some perceptions which have limited interest within the
pharmaceutical industry for plant derived natural products. Some years ago there
were significant problems sourcing authenticated plant materials. It was easy to
collect plants and demonstrate that they had interesting biological potential but then
when researchers went back to recollect and confirm those potentials and ultimately
to carry out the development and commercialization process; then failure often
resulted because their original plant collections had not been adequately identified
and were consequently lost. Another area that has created problems has been the
ability to measure desirable biological activity. Natural product preparations
ordinarily are very complex mixtures of materials and to measure a desirable
biological activity utilizing a mixture of materials creates some serious problems.
Interactions of the components of the mixture, either antagonism by one material of
another's activity or addition or even synergy of activities, can give very misleading
results. So in many cases this has created significant problems. A third perception
has been that one could not quickly and cost effectively purify and identify active
principals from complex natural product mixtures. Those mixtures containing
dozens to hundreds of different chemical substances, often of quite similar chemical
and physical properties, historically have created great challenges for the separation
and purification of the active principles. The time required, as well as the effort
involved, has been quite significant and that has contributed to the perception that
this is a serious limitation, particularly with regard to plant derived natural products.

Another important consideration is that natural products often are poor
pharmaceuticals: their chemical stability may be marginal; they may have poor
solubility characteristics or poor bioavailability characteristics; they may not
formulate well, etc. All of these pose serious limitations but as will be shown, they
can be overcome. A very important consideration, which in my judgment has
perhaps limited interest most in plant derived natural products for pharmaceutical

In Chemistry of the Amazon; Seidl, P., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Publication Date: March 31, 1995 | doi: 10.1021/bk-1995-0588.ch006

Downloaded by NORTH CAROLINA STATE UNIV on October 15, 2012 | http://pubs.acs.org

6. McCHESNEY Plant-Derived Natural Products 71

discovery and development, has been concern over the availability of quantities of
pure plant derived chemical substances. These quantities are required for
development, i.e., the generation of the various kinds of information needed to
understand and assess the real potential of the substance for pharmaceutical
application. Ultimately, perhaps the most limiting is how to deal with the quantities
required to meet market demand should a pharmaceutical become a successful drug
in the market place. That market demand can reach the hundreds to thousands of
kilograms per annum scale.

A number of changes in capability are fostering a renaissance in natural
products research. Foremost among these are the advances which have been made
in bioassay technology over the last several years. We now have highly automated,
very specific and selective bioassays in which complex mixtures of materials can be
rapidly and cost effectively evaluated. Indeed, advances in bioassay technology
have been so great that the availability of materials to evaluate has become more
limiting than the ability to carry out those evaluations. Once biological activity has
been demonstrated in an appropriate bioassay or primary screen we now have
available, based upon advances in separations and structure elucidation technology,
the capability to isolate, purify and determine the chemical structure of the active
principle in a few weeks, or, at most, a few months. Those separation advances
are particularly associated with high performance chromatography methodologies
including high performance liquid chromatography, high performance supercritical
fluid chromatography and capillary electrophoresis. Most recently, improved
methodologies in counter current partition chromatography have further expanded
the capabilities for separations. Structure elucidation technology has evolved
particularly with the development of high field NMR spectrometry as well as high
resolution technologies in mass spectrometry. Most important are the two
dimensional NMR techniques that have been developed which allow very rapid and
straightforward assignment of structure to complex natural products. Additionally,
the technologies of coupled liquid chromatography-mass spectrometry and similar
techniques provide very potent or powerful methodologies for separation and
structure elucidation. Further as an increased understanding of biological and
physiological pathways in all organisms is reached, much more specific and
selective questions with regard to potential drug application can be formulated, that
is, for example, the investigation of substances which interact only with a very
specific receptor rather than with a family of receptors and with the advances that
have been made in biotechnology those receptors can be cloned and "constructs”
prepared in which cloned receptors become a component of a created cell line which
then ultimately forms the basis of a high throughput very selective and specific
bioassay. In this way, the advances in several areas can be put together to focus
upon the discovery of new substances as lead compounds for pharmaceutical
development. Natural products represent the most important source of unique
chemical substances for evaluation with these new assaying strategies for potential
pharmaceutical utility.

Another issue that is fostering a renewance of interest in natural products
research is the recognition that the biological diversity of the earth is diminishing
rapidly. Indeed, one cannot pick up a newspaper or news journal without
encountering some article dealing with the rate, consequences, cause, etc. of loss of
biological diversity. However, it must be emphasized that it is the loss of chemical
diversity represented by those organisms that represents the true loss, the possible
utilization of those chemicals for the benefit of humankind will be lost. Even the
foodstuffs, the building materials, the fibers that are utilized to make clothing, etc.
are chemicals derived from nature and it is, indeed, the complex and unique natural
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product chemicals in the various kinds of organisms that create the chemical
diversity that are to be evaluated for pharmaceutical or agrochemical discovery and
development. The loss of those organisms and, in turn, the loss of the chemical
diversity represented by those organisms, is a very important issue stimulating
natural products research.

Another important consideration is that an era of worldwide economic
competition is beginning. Indeed, in the U.S. at the moment the pharmaceutical
industry still represents one of the important areas of industrial leadership and the
recognition that the discovery and development of new pharmaceuticals and
agrochemicals maintains the competitive position of that industry leads to interest in
natural products research to increase the efficiency of discovery and development.
So worldwide competition does motivate a certain portion of the new interest in
natural products research that can be observed. And finally, the historical success
of the approach of evaluating natural product preparations for pharmaceutical and
agrochemical discovery and development must not be overlooked. Indeed, one can
demonstrate that nearly all pharmaceutical classes were derived from natural product
prototypes. Relatively few exceptions exist to that general statement. So the
historical success of evaluating natural products for pharmaceutical discovery and
development and increased capabilities that have been reviewed, contribute greatly
to a renaissance in this area for new discovery and development activities.

Now let me turn for a moment to our general utilization of plants and then
more specifically to the utilization of plants for the discovery of pharmaceuticals. It
is estimated that approximately 300,000 species of higher plants exist in nature. In
some cases this number reported to be 250,000. In other cases it may be as high as
500,000. The differences in those numbers reflect partly a difference in philosophy
among systematic botanists, but also I would emphasize that as we begin to explore
more aggressively unusual environments, or particularly diverse environments, .
such as the tropical rainforests new species of higher plants are in fact being
encountered continually. Of the 300,000 or so species of higher plants, about one
percent, or roughly 3,000, have been utilized for food and of those 3,000 or so
about 150 had been commercially cultivated. In today's marketplaces throughout
the world unusual fruits and vegetables are beginning to appear because there is an
increasing desire on the part of the world's populations for more "exotic"
foodstuffs. However, the vast majority of caloric intake derives from about 20
species of plants. These 20 represent the basis upon which the world's population
is fed. This represents a very narrow foundation upon which to support the human
populations of the world.

Turning to plants as sources of medicine, it is verified that approximately
10,000 of them have a documented and recorded utilization for medicine -
considerably more than the 3,000 or so that have been utilized for food materials.
Looking specifically at the utilization of plant derived materials in western medicine,
the U.S., Western Europe, etc., it is found that roughly 150 to 200 of such agents
are incorporated. This is still a very small percentage of all higher plants and thus
there are many more important discoveries in the plant kingdom which may be
exploited for pharmaceutical or agrochemical application.

How does the process of discovering a natural product with potential for
pharmaceutical/agrochemical application and carrying that natural product through
the process of assessment and development so that it ultimately becomes a
successful pharmaceutical or agrochemical occur?. At the University of Mississippi
Research Institute of Pharmaceutical Sciences, we have a general approach outlined
in Figure 2. This general approach specifies the various steps or stages of the
discovery and development process. The specific steps of that process are outlined
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Figure 2. General Program Approach.
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in the following paragraphs. Samples are acquired for evaluation in the discovery
program. Those samples are acquired from collections of higher plants, from
micro-organism fermentation broths, and more recently in the Mississippi program,
from marine organism collections. When the opportunity is presented, synthetic
substances are evaluated for potential utility. All of those sources represent
samples to be evaluated.

In the case of natural product materials, a suitable extract must be prepared.
Ordinarily that means to grind or homogenize the biomass and then to carry out a
series of selective solvent extractions to remove from the biomass the small
molecule natural products which will be subsequently evaluated for their potential
application as pharmaceuticals or agrochemicals.

Evaluation takes place initially in a primary in vitro qualitative assay or
bioassay. Two different approaches are utilized in the Mississippi program. One is
based upon an in vitro cell or whole organism assay. This is easily described in the
context of anti-infective agents where extracts would be evaluated for their
antimicrobial activity utilizing growing cultures of select micro-organisms as
indicator or assay organisms against which specific or selective antimicrobial
activity is being sought. A number of cell based assays are utilized in the primary
in vitro qualitative assay strategy. In addition mechanism based assays are being
utilized; looking at receptor binding, enzyme inhibition, and other mechanism of
action based assays. In the latter case, plant preparations, and plant extracts
particularly, contain a number of non-specific inhibitors or toxins, that cause a
general inhibition of protein based assays. This creates a real challenge to assay or
bioassay these materials and identify within the extracts substances with selective
and specific biological activity in mechanism of action based assays against the
background of these non-specific agents; the tannins, the phenols, etc. Some
strategies to overcome this limitation for the evaluation of plant extracts in
mechanism of action based assays at Ole Miss, have evolved.

Once the primary in vitro qualitative assays have been carried out and active
extracts have been identified then a strategy of bioassay-directed isolation is
undertaken which leads to the isolation of active constituents from the preparation.
This strategy is vigorously adhered to since it is not cost effective to fractionate
extracts and isolate inactive substances no matter how scientifically interesting or
challenging that process may be. Rather it is the biological activity which justifies
the investment of time and effort to identify novel substances from these plant
extracts. Methodology utilized draws extensively upon modern techniques of
chromatography and solvent partitioning, etc. Ultimately, a pure active product will
be isolated and its homogeneity demonstrated by various qualitative and quantitative
assay technologies.

Once the active product is in hand, a series of secondary assays are then
carried out to quantitate the biological activity of the substance; i.e. determine its
potency, begin developing some specific information about mode and mechanism
of action, evaluate breadth of activity or specificity or selectivity of activity, and
importantly, if these agents are to be carried into further development, a view of
their pharmacological effects is desirable. Thus some preliminary evaluations are
made .at the whole organism level, particularly for toxicity and general
pharmacological evaluation. This allows one ultimately to identify substances
which show selective enough activity to become candidates for in vivo evaluation.

While the secondary assays are being carried out, the pure active product is
also undergoing structure elucidation. The application of high field NMR
technology is particularly important. As the structure elucidation progresses and
one is able to identify the specific chemical structure, then some preliminary
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structure modification work will be initiated to gain some information about the
importance of various functional groups and their spacial relationships for
biological activity. Ultimately from this, then there will evolve a small list of
candidate molecules which will be evaluated in a tertiary in vivo assay, one which
begins to measure specifically the efficacy and the toxicity of the compound. This
tertiary assay is ordinarily a murine model of disseminated disease. In the case of
anti-effectives, it is easy to understand that a mouse model of the infectious
condition would be available and infected mice would be treated with candidate
drugs and either the suppression of the infection, or alternatively, the cure of the
infection would be observed.

In the case of plant derived natural products, one of the perceptions that was
mentioned earlier which has limited interest has been the availability of the quantity
of chemical required to carry out all of these studies. To identify the biological
activity and to isolate the active product and determine its chemical structure
requires only about a total of 50 mg of the chemical substance. In order to obtain
sufficient chemical substance and to carry out this entire process, an understanding
of the quantity of plant material required for the preparation of the necessary
quantities of chemical substance is needed. To isolate and carry out full chemical
characterization requires approximately 50 mg and therefore about 5 kg of dry plant
material would be required if it is assumed that the active product were present at
the concentration of only 0.001% of the dry weight of the biomass. This may be
considered a "worst case” scenario. Itis clear that the technologies are capable of
identifying potential utility in the bioassay and isolating and characterizing the
natural product which occurs in plant biomass at this low concentration. Once the
chemical substance is isolated and characterized and its biological properties
determined, a decision point is reached: Is the chemical structure novel? Does this
substance represent a potential new prototype? The circumstance where the answer
to these questions is "yes"; i.e. we have a substance, a natural product, that we
wish to carry forward into development is first evaluated. What is the quantity of
material required? The next step is to assess the real potential of the substance.
Some confirmatory bioassays to make sure that the suspected biological activity is
actually present must be carried out. Some secondary biological assays are
undertaken to gain a full understanding of the breadth and selectivity of the
biological activity. Some preliminary toxicology of the substance be determined,
i.e. if it cures a particular infection but kills the host then it is not really likely to be a
drug substance. Once all of that information is available, some initial in vivo
evaluation must be carried out to determine that the agent has real promise both in
terms of its efficacy and toxicity in a "real world" situation. To carry out those
assessments in the program at the Research Institute, about a half gram, 400-500
mg, of pure active product is needed. That represents a ten-fold increase in the
plant material required, so as much as 100 kilograms of dry weight of biomass will
need to be processed to gain this additional information. This is not particularly
daunting and it is very probable that one would carry forward to this stage.
Success at this stage then would suggest that one would wish to go into preclinical
evaluation of the agent. The quantity of pure chemical substance required for full
preclinical development and a subsequent clinical trial is roughly two kilograms of
pure active product. In a "worst case" scenario of active product concentration of
only 0.001%, 200,000 kilograms of dry plant biomass would be required to
produce the approximately two kilograms of pure active product. This aready
begins to look like a very daunting quantity of dry biomass to process. What is the
quantity of material that would be required to meet market need should one have
carried through the development and shown that the agent was truly of value as a
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pharmaceutical? Assuming that the agent would be utilized to treat an acute
condition and that a relatively small patient population of only about 10,000 patients
per year existed and that approximately two grams of the agent were required for a
course of therapy then 20 kilograms per year of bulk active drug would be required
to meet that market need. At a "worst case" scenario of 0.001% of active product
present in the biomass this would then lead to a requirement of two million
kilograms of dry biomass per year. That seems like a truly daunting or impossible
quantity of material to collect and process. However, if we put it in the context of
a plant based commodity; something that is more easily understood, this represents
roughly 2200 tons of biomass which is the equivalent of about 75,000 bushels of
wheat or corn or soybeans or any other commodity. Indeed an average American
farmer produces roughly this 75,000 bushel quantity each year. Consequently, in
that context one is not talking about the necessity to chop down and process entire
tropical rainforests to obtain the two million kilograms per year of dry plant
biomass. Now let us turn to an alternative scenario where the agent would be used
to treat a chronic condition and assuming the patient population is considerably
larger - 100,000 patients per year, the agent would have reasonable potency so that
only 50 mg or so per patient per day would be required to treat the condition.
Under those conditions, 2,000 kilograms of bulk active drug would be required to
meet the market need. For our worst case scenario of 0.001% concentration of
active product in the biomass, 200,000,000 kilograms of dry weight of biomass
would be required for processing to produce the 2,000 kilograms per year of bulk
active substance. This number of 200,000,000 kilograms appears to be very large
and it is but when placed in the context of a plant-based commodity such as wheat
or corn or soybeans, it is again obvious that this represents a modest production
level. Indeed many agricultural counties of the United States produce as much or
more than the 7,500,000 bushels of a commodity the 200,000,000 kilograms
represent. In this context it is clear this quantity of biomass is readily obtainable.
Two examples that were picked deliberately to emphasize this point may now be
analized. In 1990, information on the worldwide production of marijuana and
cocaine led to the following observations: at least 30,000 tons of marijuana were
produced worldwide with 5,000 tons of that being US production (4). At a price
per less than $2,000 per pound and considering all of the criminal penalties that
would be paid if one were convicted of producing marijuana, it is clear that if there
is market for a plant biomass there will be an entrepreneurial effort to meet that
market. Indeed, considering the billions of dollars spent each year to suppress drug
plant production then it is easily appreciated that giving producers an alternative,
profitable and ethical crop to produce will lead readily to the production of the
necessary quantities of biomass for drug production to meet pharmaceutical
application. Cocaine is utilized as a nearly pure chemical entity and indeed a
thousand tons, roughly one million kilograms, were produced worldwide in 1990,
greatly in excess of the examples required to meet an ethical pharmaceutical market.
Clearly, capability is there if there is a stable and bona fide market for the plant-
derived chemical substance.

If plant derived natural products are to be produced for utilization in the
pharmaceutical or agrochemical industry, then there will be certain criteria that a
system of production must meet. It clearly must be economic. After all, if the drug
costs hundreds or thousands of dollars per dose, then there is no viable product. It
must be sustainable and reliable. Patients will need the drug this year, next year
and perhaps a decade from now and a source of that agent must be available to meet
those medical needs. Clearly in today's society, production of plant derived natural
products must be environmentally safe, non-environmentally impacting. One
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cannot propose to cut down the rainforests or denude the earth of a particular
species for the production of a plant derived natural product.

In order to meet these criteria and establish a viable production system, one
must systematically evaluate all the steps of production of a plant derived natural
product. The first order of business is to identify a superior source of that
substance. A strain or variety of the species must be discovered which has a high
and consistent concentration of the natural product or a precursor of the natural
product that can be converted economically to the final bulk active product.

Once that superior source has been identified then one must secure an
uninterruptible and stable supply of that material. That ordinarily means that one
must develop an agronomic system for biomass production, i.e. one must bring the
source into cultivation. This allows then full expression of the genetic capability of
the cultivar. One endeavors to match climate and soil types to the requirements of
the plant, understand the impact of fertilization, irrigation and the like on the
production of the biomass and its chemical constituents and learn generally how to
grow and cultivate the material economically. In the future one may well be able to
develop control over production of secondary substances and plants through the use
of growth regulators of one sort or another.

After one have learned to produce the biomass, one must learn to harvest
that biomass appropriately. When during its growing season does the drug
concentration reach its highest concentration? How does one handle the freshly
harvested biomass to retain drug content? And finally, in order to maintain an
economic system of production, one must consider mechanization of the harvest
process.

Once the biomass is harvested in order to build an economic processing
facility, one wishes to level processing of the biomass for isolation of the active
product over an entire calendar year. One does not wish to build or be required to
build a processing facility which would process all of the biomass immediately after
its harvesting. So technology must be developed to stabilize the biomass so that it
retains drug content during storage prior to its ultimate processing. This usually
involves developing an appropriate drying process.

Once processing of the biomass is initiated that extraction/purification
system must be economic; it must be efficient in its recovery of the natural product
from the biomass. It must be safe in its operation and the generation of waste
products must be minimized so that there is no deleterious environmental impact
from the processing of the biomass material. If one carries out a systematic
evaluation of a production strategy for plant derived natural products, there is
evidence that the quantity of material should not become a limitation either in
development or ultimate commercialization of pharmaceuticals or agrochemicals
derived from plant derived natural products.

This point may be illustrated with the example of taxol - a recently
introduced anticancer agent of plant origin. Taxol was initially discovered through
the National Cancer Institute program for evaluation of plant preparations for
anticancer activity (5). In 1962, USDA botanist Arthur Barkley collected Taxus
brevifolia and submitted that biomass to the cancer institute anticancer evaluation
effort. In 1964 an extract of the bark was shown to be highly cytotoxic in vitro to
cancer cells. This material then was recollected and the biological activity was
confirmed in certain animal models of cancer. By 1967 3,000 pounds of bark
were collected and processed, leading in 1971 to the structure elucidation of taxol
by Wall and coworkers. Efforts by Susan Horowitz in the early 1970s showed that
taxol had a unique mechanism of action in its suppression of the growth of cancer
cells. This led in 1977 to its evaluation in animal models of cancer where it showed
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high activity which led to its designation for development. In 1983 taxol entered
human clinical trials. By 1988 initial clinical results in ovarian cancer were very
encouraging and a major effort was initiated. The development of a system for the
economic production of taxol and its final development and approval for utilization
in the treatment of cancer followed. In 1992 taxol was approved for the treatment
of refractory ovarian cancer. In 1993 it is estimated that Bristol-Myers Squibb
Company will have sales or did have sales of more than 150 million dollars of
taxol. Thus one can see that this very complex natural product of plant origin has
great utility in the treatment of human cancer and because of its complex chemical
structure, it will not likely be economically prepared by synthesis and so one must
rely on isolation of the agent from a natural source. And indeed Bristol-Myers
Squibb has evolved a system of production based upon isolation of a precursor of
taxol from the leaves or needles of Taxus baccata or Taxus wallichiana and the
conversion of that precursor by chemical synthesis into taxol. In this way, the
hundreds of kilograms of taxol required per year for the treatment of cancer patients
will be made available in the future.

In summary, plant derived natural products hold great promise for discovery
and development of new pharmaceuticals and agrochemicals. Careful consideration
of the entire process of discovery and development - a "systems" approach - will be
required to realize this great promise effectively. Such an analysis was outlined and
illustrated in this paper
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Chapter 7

Poisons and Anti-poisons
from the Amazon Forest

Walter B. Mors

Nicleo de Pesquisas de Produtos Naturais, Universidade Federal do Rio
de Janeiro, 21941-590 Rio de Janeiro, R]J, Brazil

Having been used as insecticides in the past, the rotenoids seem
destined for a comeback. Easy degradability and consequent lack of
persistence on the treated objects are playing in favor of these
materials due to our current environmental concerns. Thus, new
sources of rotenoids are being investigated. It has also been
discovered that the rotennoids in Derris species are accompanied by
pyrrolidine derivatives which are active compounds in their own
right. On of them, 2,5-dihydroxymethyl-3,4-dihydroxypyrrolidine
(DMDP), a powerful glucosidase inhibitor, has now been isolated
from the roots of Derris urucu. As for anti-poisons: A number of
plants active against snake bite occur in the Amazon region. Several
active compounds have already been isolated. Assays in laboratory
animals showed antimyotoxic, anti-hemorrhagic and anti-protéolytic
activity. Both extracts and pure compounds were able to protect
mice from the effects of snake venom when administrated by
mouth. Development of a product for practical use by humans is in

sight.

It is with pleasure that I accept the invitation of the President of the Associagdo
Brasileira de Quimica and the Coordinator of the Scientific Committee on Natural
Products, to speak about my experience in the Amazon region during my
professional life. It is exactly fifty years now that I, then recently graduated, started
to work at the Instituto Agronémico do Norte, in Belém, state of Para. As a first
task I was put in charge of the chemical laboratory where routine analyses of timb6
roots were performed. Curiously, the subject “fish poisons™ has accompanied me
ever since.

Analyses of samples collected in different places and grown at the LAN.
were performed on roots from 232 clones of Derris (Lonchocarpus) urucu
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(Fabaceae) and 148 clones of D. utilis. The results were published by the U.S.
Department of Agriculture in 1948 (). Three years ago a similar commitment led
to the evaluation of another 69 clones of fish poison plants, mainly Derris species
from the Amazon, now at our research center (NPPN) at the Federal University of
Rio de Janeiro (Lima, R. R.; Chaves da Costa, J. P.; Mathias, L.; Parente, J. P. ;
Mors, W. B., unpublished data.). The difference in methodology is striking. While
in the early 40’s the procedure was still gravimetric, by weighing the rotenone
crystallized from the root extracts, HPLC is today the method of choice - faster
and, of course, more accurate.

In the years in between I had the opportunity - with the collaboration of
many colleagues and students - to study fish poisons derived from other plant
families: A polyacetylene, ichthyothereol, was isolated from Ichthyothere
terminalis (Asteraceae) (2) and so were the active saponins from Serjania
caracasana (Sapindaceae) (3).

Saponins are also present in Derris roots. But, contrary to those of
Sapindaceae, they are devoid of toxicity. They do contribute, as dispersants, to
suspend the rotenoids, which by themselves are insoluble in water (4). Figure 1
shows examples of the two types.

Having been used as insecticides in the past, the rotenoids seem destined
for a comeback. Factors which were formerly held agains these substance, such as
their degradability and consequent lack of persistence on the treated objects (plants
and animals), are now playing in favor of these materials due to our current
environmental concerns. Thus, new sources of rotenoids are being investigated by
us; and just now, Derris extracts had, for the first time, their activity evaluated
against larvae of Triatoma infestans one of the vectors of Chagas’ diesease, with
highly promising results (5).

It has been shown in the 30’s that Derris (Lonchocarpus) extracts
artificially deprived of rotenone still show considerable insecticidal activity (6-8).
Our own experiments extended these findings to Derris species which are naturally
devoid of rotenoids but nevertheless show toxicity to fish of the same order as
rotenone (9). Chalcones present in these were inactive. Several other species which
do not contain rotenoids are reported to serve as fish posions. What are, then, the
active principles in these suspensions or extracts?

Nitrogen-containing sugar analogs have recently been described from
several Fabaceae species. One of them, 2-5-dihydroxymethyl-3,4-
hydroxypyrrolidine (DMDP), was first isolated form leaves and roots of Derris
elliptica (10). These sugar mimics were shown to be powerful glucosidadse
inhibitors (11). DMDP acts as an antifeedant for locusts and is toxic for certain
caterpillars and beetles. It was isolated in our laboratory from the roots of Derris
urucu (Mathias, L.; Parente, J. P., unpublished data.)

It is possibly responsible, at least in part, for the toxicity of Derris extracts,
even if they do not contain rotenoids. The matter is being investigated by us at
present. Figure 2 shows some of the mentioned molecules.

So much for the poisons. Now to the anti-poisons.
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Several years ago, Brazilian chemists and pharmacologists entered a
completely new field of bioactive plants: those reputed by people as antidotes
against snake bite. Incredible as it may look on first sight, these medicines actually
do work (12). Many of them have been studied recently, with the most surpirising
results. Some of the most famous are listed in Table I.

Table I. Amazonian Plants Used as Snake Venom Antidotes

Family Species Common Names

Cyperaceae Cyperus corymbosus Rottboll  priprioca

Araceae Dracontium asperum K. Koch  batata-de-cobra, jararaca,
milho-de-cobra, taja-de-
cobra

Moraceae Dorstenia asaroides Gard. caapia, carapia

Aristolochiaceae  Aristolochia trilobata L. jarrinha, papo-de-peru,
urubucaa

Capparaceae Crataeva benthami Eichl. catauari, catoré

Icacinaceae Humirianthera duckei Hub. maira, surucucuina

Loganiaceae Potalia amara Aubl erva-de-cobra, pau-de-
cobra

Verbenaceae Aegiphila salutaris HB.K. contra-cobra

Scrophulariaceae  Stemodia viscosa Roxb. boia-caa, paracari

Asteraceae Eupatorium triplinerve Vahl. erva-de-cobra, japana

Figure 3 shows examples of molecules which, in our own research as well
as in the international literature, were found to be responsable for anti-snake
venom activity (12). What do these compounds have in common? Chemically, very
little. But they are all low molecular weight compounds with some strong
biodynamic properties detected in the past. Their targets in living organisms are
polypeptides and proteins - the kinds of structures present in toxins and enzymes
which make up snake venoms. In vitro and in vivo assays in laboratory animals
showed antimyotoxic, anti-herrorrhagic and antiproteolytic activity. Both extracts
and pure compounds were able to protect mice from the effects of snake venom
when administrated by mouth. Even if the mechanism of action has not yet been
ascertained, the development of a product for practical use by humans is in sight.

Having formerly yielded rubber, resins, rosewood oil, quassia, cacao, Brazil
nuts and tubocurarine, the Amazon forest may still be able to offer many as yet
unexploited products for the benefit of mankind.
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Chapter 8

Biologically Active Neolignans
from Amazonian Trees

Massayoshi Yoshida

Instituto de Quimica, Universidade de Sao Paulo, Caixa Postal 20.780,
CEP 01498970 Sao Paulo, SP, Brazil

Typical magnolialean species of the Amazonian forest contain an
especially characteristic class of natural products, the neolignans.
Many of their isolated representatives are distinguished by
important biological properties. The expectations for further
successful pharmacological investigations are justified by several
striking features of neolignans. With respect to their biosynthesis,
one marvels that not less than 40 structural types and close to 700
derivatives can originate by oxidative dimerization of allylphenols
and propenylphenols, from only two simple precursors. The second
fact concerns a series of rearrangements which, possibly involving
cyclic reaction paths, occur spontaneously under natural conditions.

Neolignans can be defined as oxidative dimers of propenylphenol/propenylphenol
as shown in Figure 1, propenylphenol/allylphenol as presented in Figure 2 and
allylphenol/allylphenol. Different coupling modes of these units and further
modifying steps increase the number of neolignans (7). Based on more than 400
neolignans isolated from Amazonian species of Myristicaceae and Lauraceae,
Gottlieb and Yoshida (2) proposed a model of evolution in a micromolecular
system. In this scheme the Cope, retro-Claisen, Claisen rearrangements constitute
an example of microscopic reversibility as pictured in Figure 3.

Neolignans from Myristicaceae

Ethnopharmacological interest in Myristicaceae species first evidenced by Schultes
in 1954 (3), inspired Gottlicb and co-workers to develop phytochemical
investigations on these arboreal plants dispersed over Amazonia. The occurrence
of y-lactones, flavonoids and neolignans was observed in trunk wood and a
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communication about isolated compounds and folk medicine of myristicaceous
species was published by Gottlieb in 1979 (4).

Otoba butter, sometimes called American nutmeg butter, American mace
butter or otoba wax, is a popular name for the fat expressed from the seeds of
Mpyristica otoba. This fat has long been used by Colombian people as a medicine
for skin diseases of domestic animals (5). Otobain was isolated from otoba fat after
hydrolysis with KOH and chromatography on alumina of neutral water insoluble
fraction (6). It is still not clear if the activity of otoba fat is due only to otobain.

The fruits of Virola sebifera have been found to contain oxootobain (7).
Unusual neolignans were also found in fruits of this species and these new
indanone neolignans were proposed to be biosynthesized by a pinacol-pinacolone
type rearrangement of trihydroxyaryltetralones (8) as depicted in Figure 4.

Nutmeg and mace, respectively seed and aril of the fruits of Myristica
Jragrans, have been used in folk medicine as aphrodisiacs or in the treatment of
digestive disorders, rheumatism and cholera. Myristica fragrans comes originally
from Moluccas and is now cultivated for commercial purposes in Malaysia.
Nutmeg is used for the preparation of nutmeg butter by expression and essential oil
by steam distillation. Nutmeg butter contains of trimyristin (70-85%) and essential
oil contains monoterpenes (85%) and aromatic ethers (8%). Essential oil obtained
from powdered mace also contains monoterpenes (93%) and aromatic ethers
(6.5%). The narcotic effect of nutmeg is explained by presence of myristicin, an
aromatic ether (9). Shulgin speculated that myristicin could be the narcotic
principle of snuffs called yakee, paric4 or epena, prepared from the bark resin of a
Virola tree (10). However, analysis of epena showed it to contain several
hallucinogenic amines, such as derivatives of N,N-dimethyltryptamines or of -
carbolines (11).

In a search for the psychoactive components present in nutmeg and mace,
representatives of two different structural types of neolignans, the 8.0.4’-type and
the 8.5°, 7.0.4’-type, were isolated (12). Surinamensin and virolin, neolignans of
the 8.0.4’-type, occur in the leaves of Virola surinamensis, besides elemicin and
the 8.8°, 7.0.7’-neolignans galbacin and veraguensin (73). A hexane extract of the
leaves showed activity against the penetration of cercaria of Schistosoma mansoni.
It was shown that this activity is due only to surinamensin and virolin.

Smart et al. reported the regression of malignant melanoma in a patient
following continued medication with an aqueous extract of the cresote bush (74).
Cresote is a common name of Larrea divaricata (Zygophyllaceae) and the major
chemical constituent of leaves and stems is nordihydroguaiaretic acid (NDGA).
This compound is a potent antioxidant which has been used to prevent rancidity of
vegetable and animal fats and the oxidation of vitamins A and E. Many
experiments have been described about the antioxidant properties of NDGA in
biological systems, such as the inhibition of eletron and energy transfer in rat liver
mitochondria, reported by Dakshinamurti (75). Six neolignans with the skeleton of
NDGA were isolated from the chloroform extract of arils and kemnels of Virola
calophylla: four are 1,4-diaryl 2,3-dimethylbutanes, one is an l-aryl-2,3-
dimethyltetralin and the last is a 2,5-diaryl-3,4-dimethyltetrahydrofuran. Larvicide
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activity of neolignans was tested on Schistosoma mansoni and molluscicide activity
on Biomphalaria glabrata. The most active compounds in these biological tests
are the neolignans which possess phenolic hydroxyls (Brocksom, U., Universidade
Federal de S3o Carlos, unpublished data).

Neolignans from Lauraceae

The neolignans of the 8.5°, 7.0.4’-type were isolated from trunk wood of Licaria
aritu which occurs along the Manaus Itacoatiara road. Licarin-A is identical with
dehydrodiisoeugenol and its absolute configuration was deduced by comparison of
ORD curves (16). Licarin-A was also isolated by LeQuesne et al. (17) from leaves
and stems of Nectandra rigida. The interest of investigation of the chemical
constituents of Nectandra rigida was due the cytotoxicity of its extracts in the KB
assay. it was observed that the major cytotoxic activity of the plant appears to be
due to the presence of licarin-A, which displayed an EDs, of 7.0 mg/ml against KB
cells, in comparison with a active fraction of extract with EDsy of 18-31 mg/ml.

The alcoholic extract prepared from dried ground roots of Aniba
megaphylia demonstrated inhibitory activity in vitro against KB. Partition of an
extract guided by KB activity led to isolation of three neolignans: megaphone,
megaphone acetate and megaphyllone acetate, that showed cytotoxicity against KB
cell culture at 1.70, 1.75 and 2.55 mg/ml, respectively (18).

The trunk wood of Nectandra miranda contains mirandin A and B besides
five benzofuran neolignans (/9). The structures of mirandin A and mirandin B are
closely related to kadsurenone (see Neolignans from Piperaceae) and denudatin B
(see Neolignans from Magnoliaceae), respectively.

Neolignans from Magnoliaceae

Magnolia fargesii, a herb, is popularly known as “hsin-i” in China, and used for
the treatment of nasal congestion with headache, sinusitis and allergic rhinitis. It
was found that a chloroform extract of flower buds of Magnolia fargesii exhibited
a Ca"-antagonistic activity. The bioassay-guided isolation of the active principles,
by using chromatographic techniques, afforded several neolignans including
denudatin B, which possessed most potent activity (20).

Neolignans from Piperaceae

A benzene extract of leaves of Piper futokadzura showed an antifeedant activity
against larvae of Spodoptera litura. The extract yielded the neolignan piperenone.
A herbal preparation of the stem of Piper futokadsura, a medicinal plant which
grows in the southeast of China and Taiwan, is popularly known as haifenteng.
Haifenteng is used for the general relief of bronchoasthma, inflammation and
rheumatic pain. A methylene chloride extract of haifenteng, after chromatographic
fractionation, afforded kadsurenone, kadsurin A, kadsurin B and piperenone. The
active principle of this traditional medicine, identified as receptor antagonist for
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PAF-acether, is the neolignan kadsurenone. The compound shows a K; of 5,8 x
10* M vs. a K; of 6.3 x 107 M for PAF itself (21).

It is hopped that this impressive diversity of biological activities will

enhance interest in the several hundred additional bicyclooctane and benzofuran
neolignans of yet unreported bioactivity, isolated and described with respect to
structure by our laboratories in the past decade.
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Chapter 9

Proteins from Amazonia
Studies and Perspectives for Their Research

Lauro Morhy

Laboratério de Bioquimica e Quimica de Proteinas, Departamento
de Biologia Celular, Universidade de Brasilia, 70910—900 Brasilia,
DF, Brazil

Very little is known about the proteins of the great variety of
species of plants and animals present in Amazonia. Perspectives for
their research and some results of studies on enterolobin, a
cytotoxic protein from Enterolobium contortisiliquum seed, and
methionine rich proteins from Bertholetia excelsa and Lecythis
usitata seeds are presented.

Amazonia is the last and the largest natural reserve of biodiversity of the world
today. Determination of the number of plants and animals existing in the region is a
task that still must be completed, to say nothing about research at a molecular
level. Phytochemists started work on small molecules some time ago, but only a
few studies on macromolecules have been made so far. Ultimately, biodiversity
could be described as diversity of informational molecules present in the living
organisms; therefore, proteins attract special interest of scientists, and represent a
wide range of scientific research and biotechnological applications.

Protein Diversity and Potentiality. Proteins are synthesized according to genetic
instructions. Modern evolutionary theory assumes that genes have been modified in
the course of time and that natural selection has led to evolutionary lines and to
different species. If we consider that proteins are encoded by genes, according to a
genetic code, we can expect that the resulting amino acid sequences reflect the
evolution and the biodiversity.

Proteins or genes having a significant number of similarities are said to be
homologous. They could descend from a common ancestor. Comparison between
homologous proteins of a single family shows that certain amino acid positions are
conserved, while others present variations.These variations should not affect the
general conformation of the molecule, which determines its function. It is
interesting to observe the functional invariability of hydrophobic residues in
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homologous proteins, as in the classical case of Cys14 and Cys17 in cytochrome c,
to which the heme is attached, and in the region 70-80, which is folded in such
way as to form the apolar heme pocket. Crystallography and comparative protein
chemistry show that the interior of the protein globule is more resistant to
evolutionary changes than surface parts. Proteins having almost identical biological
activities and some amino acid sequence differences have been named isoproteins
and have been assumed to result from duplication of a structural gene.

Proteins are certainly the most abundant biomacromolecules. Extremely
versatile in their function, they are present in an immense range of biological
systems. The biochemical catalysts (enzymes) are proteins. The main biochemical
reactions that occur in living cells are catalyzed by enzymes. This also includes
DNA replication, protein biosynthesis and photosynthetic reactions. Even the light
produced by fireflies results from a reaction involving the enzyme luciferase.
Proteins are utilized as nutrient; in transport (hemoglobin and membrane
transporters); in defense against bacterial and viral infection (immunoglobulins); in
blood coagulation (fibrinogen and thrombin); in defense against microorganisms
(bacterial toxins), animals (snake, scorpion and other venoms) and plants (ricin,
enterolobin, protein inhibitors, etc.); in contraction and motility (actin and myosin,
in muscle; tubulin and dynein in flagela and cilia); to support biological structures
(collagen, in tendons and cartilage; elastin, in ligaments) and in coats (keratin in
hair, fingernails, and feathers; fibroin, in silk fibers and spider webs); in regulation
of cellular and physiological activity (hormones). Many other proteins with
unusual or exotic properties (intensely sweet, antifreezing, etc.) have been found.
If we consider the number of possible combinations of the 20 amino acids out of
which proteins are made, we can expect many other unknown varieties of proteins
to also exist.

Proteins have been exploited for various purposes by man. However, food
and medical use are certainly the most important ones. In the first case, proteins
constitute our main amino acid source and are used as ingredients to prepare
better dishes. Food proteins must be palatable, digestible, non-toxic, and
economically available. It is important that they fulfill nutritional needs of essential
amino acids. Modern technological utilizations of proteins also explore chemical
modifications and physical properties (as viscosity, surface tension and solubility)
to get desirable characteristics of foods as beverages, soup, sauces, bread, cakes,
ice creams, desserts, egg substitutes, sausage, texturized vegetable proteins, food
coatings and others products. Enzymes are used in sugar refining, oligo and
polysaccharide (starch, cellulose, etc.) processing; ethanol fermentation; beer
brewing; baking (growth, ripening and storage), dairy industry, amino acid
production (for food supplements, medicinal agents, etc.); as antioxidant or for
removing oxygen and reactive oxidants (glucose oxidase, superoxide dismutase,
catalase, etc.); in protein processing (gellatine, peptones, collagen, soy and whey
proteins, wheat gluten hydrolisis, yeast extracts industry, clinical analysis,
conversion of porcine insulin in human insulin, tenderising meat, aspartame (a very
sweet synthetic dipeptide ester); in fruit processing; as cleansing and detoxifying
agents (/).
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Enzymes, proteins, antibodies, biologically active peptides and other
protein derivatives have long been used in medicinal agents. Modern biotechnology
opened horizons to create new processes and products. For example insulin,
interferon and other medical proteins are now being produced commercially by
genetic engineering.

Perspectives for Research. Research on biodiversity is normally based on
morphological aspects. But, while classification of biological species is relatively
easy by descriptive visual methods, the same cannot be said in the case of
molecular species. In this case, purification and subsequent studies involve more
effort and technical resources. Usually protein purification must be performed in a
series of steps, using different techniques. Obtaining a highly purified protein is
usually a formidable task. However, modern chromatographic methods and related
techniques have made this work easier and faster.

In Amazonia, determination of total nitrogen or protein content in
biological material should be a primary preoccupation. Then subsequent or
simultaneous studies could be performed using more sophisticated modern
methods. Amino acid composition gives important preliminary information. Edible
seeds, fruits, leaves and roots would deserve priority. Ethnobotanical information
could give suggestions for food and drug research. The following genera should be
considered : Aptandra, Amaranthus, Bertholletia, Carpotroche, Couroupita,
Couralia, Dioscorea, Dipteryx, Enterolobium, Guarea, Guilielma, Glycydendron,
Hymenolobium, Ipomoea, Joannesia, Lecythis, Mouriria, Pachylecythis, Protium,
Salacia, Stryphnodendron, Theobroma and Urospatta.

A protein or peptide is recognized primarily by its biological function.
However, current modern methods allow isolation and characterization of these
molecules based only on chemical and physico-chemical properties. In many cases,
the use of analytical methods such as electrophoresis and chromatography may be
sufficient, independently of the substance’s bioactivity. Wild species of palms, for
example, should be studied by these methods, to classify and select germoplasm. In
the palm group, selection of Guilielma (“pupunha™) species or varieties could be
made by the application of these methods to seeds and complemented, if necessary,
with protein sequencing. While snake venoms and similar products, could be
studied by chemical and physico-chemical methods only, biochemical and
pharmacological monitoring woud be advisable.

From the knowledge of the amino acid sequences of a single homologous
protein present in contemporary species, it is possible to analyze evolutionary
relationships among these species and construct a phylogenetic tree (2). More
accurate phylogenetic trees can be generated using folding conformations, since
homologous residues are believed to occupy homologous conformational positions
(3). These studies could be made on Amazonian species (plants, animals and
microorganisms), complementing classical evolutionary methods.

Systematic screening for bioactive and interesting natural proteins and
peptides would be a first step in research. Advances in biotechnology make
screening relatively inexpensive and quick (4). After amino acid sequence
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determination, bioactive peptides could then be synthesized, rather than produced
by destruction of natural resources. It is interesting to observe that the range of
diversity generated by peptide synthesis has been extended in a major way well
beyond natural products in daily usage.

Enterolobin. A large number of substances with the ability to cause cell lysis is
known. The chemical nature of these compounds is very diverse, including low
molecular weight substances such as saponins, lysophospholipids, ionic and non-
ionic detergents, antibiotics, and also many cytolytic peptides and proteins
produced by living organisms (5). To date, only one protein, enterolobin , has been
purified from plants, and shown to posses cytolytic activity (6). Enterolobin is a
large protein (55 kDa) purified from seeds of the forest tree Enterolobium
contortisiliquum Vell. (Morong) (Leguminoseae-Mimosoideae). Pharmacological
studies demonstrated that enterolobin is a very potent inflammatory agent. It
induces paw oedema partially dependent on lipoxygenase metabolites and
histamine, while PAF-acether and prostaglandins do not seem to be important in
this reaction. Enterolobin also causes pleural exudation and cellular infiltration,
with the remarkable ability to attract polymorphonuclear neutrophils and
eosinophils(7,8). Enterolobin has insecticidal activity for insect larvae as
determined in bioassays (9). It is also cytotoxic for cancer cells in culture (Z0).
There are amino acid sequence similarities among enterolobin and the bacterial
cytolysins called aerolysins from Aeromonas hydrophilla and Aeromonas sobria
(Sousa, M.V.; Fontes, W_; Richardson, M.; Morhy, L. J. Prot. Chem., in press), as
shown in Figure 1.

Sulfur Rich Protein. A sulfur rich albumin purified from Lecythis usitata
presented two polypeptide chains. The small chain has the following sequence
an:

GPRQQCEPREQMQQQMLSHCRMYMRQQMEES

This sequence showed close amino acid composition, hydrophobicity
profile and great homology with the small subunit of a 2S sulfur-rich albumin
found in Bertholletia excelsa seeds (Brazil-nut). Infrared spectra (deuterium oxide
solution, dry film) and circular dichroism studies of the small protein subunit from
L usitata, indicated a great amount of ordered structure (/2).

In the 2S albumin from B. excelsa, all of the 8 cysteine residues are
involved in the formation of disulfide bridges. Sequence homology studies showed
that Ricinus comunis and Helianthus annuus albumin have the highest identity
score within a super-family of seed storage proteins (I3).
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Enterolobin TQRDT.LTNG.AQ

A.hydrophilla  MQK.IKLT.GLSLIISGLLMAQAQAAEPVYPDQLRLFSLGQGVCGDKYRPVN

A.sobria M.KALKIT.GLSLIISATLAAQTNAAEPIYPDQLRLFSLGEDVCGTDYRPIN
WTQNHGLAVN. . . IDTMATGV . ARINR RCCY

REEAQSVKSNIVGMMGQW.QISGLA .NGWVI. . MGPGYNGEIKPGTASNTWCYPTNPVTGEIPTLSALD
REEAQSVRNNIVAMMGQW.QISGLA.NNWVI. . LGPGYNGEIKPGKASTTWCYPTRPATAEIPVLPAFN

RLLDAH TQNHS.W.GFA RNLGNNN.F
IPDGDEVDVQWRLVHDSANFIKPTSYL.AHYLGYAWVGGNHSQYVGEDMDVTRDGDGWVIR. . GNNDGG
IPDGDAVDVQWRMVHDSANFIKPVSYL.AHYLGYAWVGGDHSQFVGDDMDVIQEGDDWVLR. . GNDGGK

(o] ACIHOYLQFAWN....SF..GDPTV..R WA. .DSDTTNNNS..D.TL.F
CDGYRCGDKTA . IK.VSNFAYNLDPDSFKHGDVTQSDRQLVKTVVGWAVNDSDTP . . QSGYDVTLRYDT
CDGYRCNEKSS. IR. VSNFAYTLDPGSFSHGDVTQSERTLVHTVVGWATNISDTP. . QSGYDVTLNYTT

DWFN.FKYETKQE S...TV.SR
ATNWSKTNTYGLSEKVTTKNKFKWPLVGETQLSIEIRANQ . SWASQNGGSTTTSLSQSVRPTVPARSKI
MSNWSKTNTYGLSEKVSTKNKFKWPLVGETEVSIEIAANQ . SWASQNGGAVTTALSQSVRPVVPARSRV

KSNYNHK..I..Y.N IRYIQE
PVKIELYKADISYPIEFKADVSYDLTLSGFLRWGGNAWYTHPDNRPNWNHTFVIGPYKDKASSIRY . QW
PVKIELYKANISYPYEFKADMSYDLTFNGFLRWGGNAWHTHPEDRPTLSHTFAIGPFKDKASSIRYPQW

DVQVH WW.W.WSF LDTMTG.VA..LNR FKASGINGQYLSAR RFSGG.ETVSPYRLAAP
DKRYIPGEVKWWDWNWTIQQONGLSTMONNLARVL . RPVRAG. ITGDF . SAESQFAGNIEIGAPVPLAA.
DKRYLPGEMKWWDWNWAIQQONGLATMQDSLARVL.RPVRAS . ITGDF . RAESRQFAGNIEIGTPVPLGS .

FDSCLWRR. . §PNLGTD
DSKV.RRAR GAGQGLRLEIPLDREELSGLGFNK. . .SAS.A
. DSKV. RRTRVDGANTGLKLDIPLDAQELAELGFENVTLSVTPARN

Figure 1. Alignement of the sequences of some enterolobin peptides with the
sequenced aerolysins. The boxed region represents the proposed cytolytic site.
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Chapter 10
Terpenoids from Amazonian Icacinaceae

Alaide Braga de Oliveira

Faculdade de Farmédcia, Universidade Federal de Minas Gerais,
30180—112, Belo Horizonte, MG, Brazil

Amazonian species of Emmotum and Poraqueiba, two genera of
the Icacinaceae family occuring in the Western Hemisphere, contain
a class of rearranged eudesmane sesquiterpenes named emmotins
that are of higher frequency in Emmotum (27 compounds/4 species)
than in Poraqueiba (2 compounds/2 species). Chemical
transformations were used to interrelate several of the emmotins.
While these rearranged eudesmanes are restricted to those two
genera, diterpenoids have been found in Icacina from tropical
Africa and Humirianthera from Amazonia. Monoterpene seco-
iridoids occur in Poraqueiba and in Icacinaceous species from Far
Eastern countries.

Icacinaceae is a pantropical family. Its centre of distribution in the New World is
the upper Amazon basin. A few representatives reach the southern temperate zone
but no genus has been found north of Mexico on the American continent (7).
According to Engler the family comprises 38 genera (2). All twelve genera
recognized in the western hemisphere belong to the Icacineae, one of the four
tribes of the sub-family Icacinoideae. Eight genmera are quoted for Brazil:
Citronella, Dendrobangia, Discophora, Emmotum, Humirianthera, Leretia,
Pleurisanthes and Poraqueiba. Species of three of these genera are cultivated as
sources of foods in Brazil. Poraqueiba species are cultivated in Para state for the
oil and the starchy endosperm of the seed. Fresh fruits are sold in local markets.
Humirianthera species, that occur also in Brazilian Amazonia, have large tubers
which are rich in starch and are used after washing for removal of toxins.
Citronella is found under cultivation in southern South America, where C.
gongonha has an extensive use as a substitute for Ilex paraguayensis in making
"mate" tea (/).

The systematic position of the Icacinaceae is controversial. It is placed in
different positions in the four most modern classifications of the angiosperms (3-6).

NoTe: This chapter is dedicated to the memory of Professor Geovane G. Oliveira.
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Table L Tetralin Sesquiternoids from Emmotum and Poraqueiba

Ry R,
R,
Rg OH

Rg
Compound RR Rs R Rg R;  Specie Code
(+)-Rishitinol BOH Me H Me HH Enl
Emmotin-Z BOH CHO OH Me HH Pg
6-O-Methylemmotin-Z BOH CHO OMe Me HH PgPp
EO-3 H Me H CHO HH Eo
EO-4 H Me H 0—C=0 Eo
EO-5 H Me H CO,H HH Eo

Enl (E. nitens from Diamantina, MG); Eo (E. orbiculatum from Manaus, AM);
Pg (P. guianensis from Manaus, AM); Pp (P. paraensis from Belém, PA)

Table IL Tetralone Sesquiterpenoids from Emmotum

Rg O
R, OH
OH

Rg
Compound Rs R, Rg Species Code
Emmotin-A Me H CH,OMe Enl, Eg
Emmotin-B CH,OH H CH,OMe Enl
Emmotin-F Me H Me En2
7-Methoxyemmotin-F  Me OMe Me Eg
Emmotin-U CHO H CH,OMe Enl
Emmotin-V Me H CO,Me Enl
Emmotin-X Me H CH,0H Enl

Enl (E. nitens from Diamantina, MG); En2 (E. nitens from Linhares, ES);
Eg (E. glabrum from Manaus, AM).
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This divergence is due to difference in importance assigned by each author to
morphological, anatomical and embryological characters. Chemical characters can
be used as auxiliary criteria of systematic significance (6-7). Until Hegnauer's work
on chemotaxonomy, chemical data on Icacinaceous species were dispersed in the
literature (8). The present phytochemical examination of Brazilian Icacinaceae may
provide evidence for the placement of this family in the angiosperm system. The
interest in this family has increased since the isolation of the antitumoral alkaloid
camptothecin from Nothapodytes foetida that occurs in India (9-11) and
Merriliodendron megacarpum, a monotypic genus from Malaysia, Melanesia and
Micronesia (2). Derivatives of camptothecin are either in clinical or preclinical
trial stages and are expected to be available for therapeutic use in the near future
(13). .
Of the genera quoted for Brazil three have been investigated: Emmotum,
Poraqueiba and Humirianthera. Emmotum Desv. and Poraqueiba Aubl. are
botanically recognized as closely related (14).

The thirteen Emmotum species occur exclusively in South America. Seven
are found in Brazilian Amazonia: E. nudum, E. acuminatum, E. fagifolium. E.
nitens (extending to central and southern states), E. glabrum, E. orbiculatum and
E. holosericeum. The remaining species occur in Venezuela (E. conjunctum, E.

Julvum, E. argenteum, E. and ptarianum) in Peru (E. floribundum). Another
species (E. affine) is registered only for the states of Bahia and Pernambuco, in
northeastern Brazil (15).

Only three species of Poraqueiba (P. guianensis, P. sericea and P.
paraensis) are recognized. They occur exclusively in Amazonia.. The last two
species are cultivated and provide edible fruits known by the vernacular names of
"mari" or "umari" (/6).

In the course of a systematic investigation of Brazilian Icacinaceae we have
examined the chemical composition of trunkwood from Emmotum nitens, E.
Jfagifolium, E. glabrum, E. orbiculatum, Poraqueiba guianensis and P. paraensis.
All of these species, except E. nifens, were colleted in the Brazilian states of
Amazonas and Para. Besides our own work on Emmotum and Poraqueiba species
the only additional information on the chemistry of Brazilian Icacinaceae are the
reports on Humirianthera rupestris and H. ampla from Amazonas state (17-18).

Rearranged eudesmane sesquiterpenoids with a 1,4-dimethyl-7-isopropyl-
decalin skeleton, which we named emmotins, were consistently found in all the
Emmotum and Poraqueiba species that we have analysed. Other isoprenoids,
mainly monoterpenoids and triterpenoids, were also found.

The constitution and configuration of the new sesquiterpenoid emmotins
have been established by spectroscopic and chemical methodologies. Extensive
work on chemical transformations was carried out raising to approximately fifty
the total number of compounds obtained as a result of our effort on the chemistry
of the Brazilian Icacinaceae, which will be described without going into details on
strutuctural determinations but emphasizing the chemical transformations. Tables
I-IV and Figure 2 show the structures of the natural sesquiterpenes and Figures 1,
3-6 ilustrate the chemical transformations used to interrelate those compounds.

In Chemistry of the Amazon; Seidl, P., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



Downloaded by NORTH CAROLINA STATE UNIV on October 14, 2012 | http://pubs.acs.org

Publication Date: March 31, 1995 | doi: 10.1021/bk-1995-0588.ch010

102

CHEMISTRY OF THE AMAZON

Table IIL Naphthalene Sesquiterpenoids from Emmotum

R; R3
4< B

Rg R,

4

Ry _<=n
Rs
Compound R; Rs Rg Ry Species Code
Emmotin-C B Me CHO OH Enl
Emmotin-D A Me 0—C=0 Enl
Emmotin-G A Me Me H En2
Emmotin-I A Me CHO OH Enl
Emmotin-J] A Me CO,H OH Enl
EmmotinrL. D Me O—C=0 Enl
Emmotin-M B Me 0—C=0 Enl
Emmotin-O A Me CHO H Enl
Emmotin-Q B Me COH OH Enl
Emmotin-R A CHO CH,OMe H Enl
Emmotin-S A Me CH,OMe H Enl
Emmotin-DI C Me O0—C=0 Enl
Emmotin-S1 C Me CH,OMe H Enl

Enl (E. nitens from Diamantina, MG);
En2 (E. nitens from Linhares, ES).

Rg O

RO

Table IV. Naphthoquinone Sesquiterpenoids from Emmotum

OH
Rg
Compound Rs Ry Rg Species Code
Emmotin-H Me H Me En2, Ef, Eg
7-Methoxyemmotin-H Me OMe Me Eg
Emmotin-T Me H CH,OMe Enl

Enl (E. nitens from Diamantina, MG); En2 (E. nitens from Linhares, ES);
Ef (E. fagifolium from Paré); Eo (E. orbiculatum from Manaus, AM);
Eg (E. glabrum from Manaus, AM).
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Sesquiterpenes from Emmotum Species

Emmotum nitens (Benth.) Miers is an arboreous Icacinaceae with a wide
geographical distribution extending from the Amazon to central and southern
states. A trunkwood sample from a specimen growing in the vicinity of
Diamantina, Minas Gerais state, afforded two tetralone sesquiterpenoids,
designated emmotin-A and -B (Table II), and two naphthalene sesquiterpenoids,
emmotin-C and -D (Table II). Allocation of the substituents to C-5 and C-8,

based on 13C NMR evidence, in the case of emmotin-A and -B, was considered a
reasonable postulate also for emmotin-C and -D, on the light of a probable
biogenetic relationship (9).

The chemical investigation of another trunkwood sample, this time
collected from a specimen growing in the Atlantic Forest, at the Linhares Reserve,
Rio Doce, Espirito Santo state, led to three new emmotins: a tetralone, emmotin-F
(Table II), a naphthalene, emmotin-G (Table IIT) and a naphthoquinone, emmotin-
H (Table IV). Hydrogenolysis of both emmotin-A and -F afforded 2-epi-rishitinol
whose 1H NMR data for H-2 and H-3 are consistent with a trams-diaxial
relationship by comparison with data for (+)-rishitinol. The identity of the carbon
skeleton of these emmotins, including emmotin-A, was proved by their conversion
into the same quinoxaline derivative. A decisive proof of this skeleton relied on the
transformation of emmotin-F into (+)-occidol (Figure 1). Additionally this
correlation was useful to define the absolute configuration (2R,3S) of emmotin-F.
The absolute stereochemistry at C-3 of (+)-occidol must prevail whereas
configuration at C-2 was assigned on the basis of the frans-diaxial relationship of
H-2 and H-3, as evidenced by !H NMR data. The ORD curves for emmotin-A, -B
and -F are superimposable and, thus, they all possess identical absolute
configurations (20).

Upon catalytic hydrogenation (H,/Pd-C/AcOEt), emmotin-A was
converted quantitatively into emmotin-F (Figure 1), confirming the identity of their
skeleton. Finally, X-ray diffractometry of these tetralones confirmed the allocation
of substituents at C-5 and C-8 for emmotin-A and -B as well as the relative frans
configuration at C-2 and C-3 for all the three compounds (22, 23).

A further investigation of the trunkwood of the first specimen of E. nitens
(Enl) led to the isolation of three authentic eudesmane derivatives, the new
emmotinol-A and -B besides the previously known pterocarptriol (24) (Figure 2)
and rearranged eudesmane sesquiterpenes, comprising (+)-rishitinol (Table I), a
stress compound from Solanaceae (25), and 14 new emmotins represented by 3
tetralones (Table II), 10 naphthalenes (Table IIT) and 1 naphthoquinone (Table IV)
@n.

The tetralones, emmotin-U, -V and -X, showed spectral data (IR, UV, 1H
NMR) very close to those described for emmotin-A, -B (/9) and -F (20).
Allocation of C-5 and C-8 substituents relied on the 1H NMR chemical shifts for
the oxymethylene groups (emmotin-U and -X), the methylene benzylic protons at
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OH F
2-epi-Rishitinol Emmotin-F
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O]
H o
OH 7
(#)-Rishitinol l
(o]
—_—
OAc OH

(#)-Occidol

Figure 1. Chemical transformations used to interrelate emmotin-A, -F, -G, -H
and (+) - occidol (Reproduced with permission from ref. 46).

0"

R = BOH, Emmotinol-B
R = aOH, Pterocarptriol Emmotinol-A

Figure 2. Eudesmanes from Emmotum nitens.
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C-4 and the aromatic methyl groups, in comparison with those for emmotin-A, -B
and -F (21).

The new naphthalene emmotins (Table IIT) can easily be distinguished by
1H NMR, in two groups: those oxygenated at C-1, showing a singlet for a peri-
naphthalene proton (H-4), and those non-oxygenated at C-1, with two singlets for
the distinctly protected peri-protons (H-1 and H-4). The isopropyl unit at C-3 is
represented either by the alkane, alcohol or alkene function as usually observed in
eudesmane sesquiterpenoids. The O-ethyl-derivatives of emmotin-D and -S could
even be considered artifacts, but ethoxylated naturally occurring terpenoids are
known (26, 27). The isolation of the non-lactonized forms of emmotin-D and -M,
which have been named emmotin-J and -Q, respectively, is quite surprising. They
indeed formed the corresponding methyl esters on reaction with diazomethane in
methanol. Chemical transformations (27) (Figures 3, 4) allowed the interrellation
of several of the naphthalene emmotins and led also to new representatives besides
0O-methylemmotin-G, previously obtained by total synthesis (28).

Emmotum glabrum Benth. ex Miers. The trunkwood of this tree was collected
at the Reserva Florestal Ducke, at km 27 of the Manaus-Itacoatiara road. It
contains three tetralones, the novel 7-methoxyemmotin-F and the previously
known emmotin-A and -F (Table II) along with a new naphthoquinone, 7-
methoxyemmotin-H, and emmotin-H (29) (Table IV).

The new tetralone was converted to (+)-7-methoxyoccidol by
hydrogenation followed by hydrogenolysis at C-1 and deoxygenation at C-2 by
radicalar cleavage of the corresponding S-methyl-dithiocarbonate with Bu3SnH
(Figure 5). The ORD curve shows a positive Cotton effect, as expected. Allocation
of the methoxy group to C-7 was inferred from comparison of the 1H and 13C
NMR data for the natural emmotin and the hydrogenolysis product, 7-methoxy-2-
epi-rishitinol. The ORD curve for this new emmotin and for emmotin-F are very
similar, showing a positive Cotton effect, confirming the absolute configuration at
C-2 and C-3 (29).

The new naphthoquinone was shown to be 7-methoxyemmotin-H by
dehydrogenation of the preceding tetralone with Pd/C in toluene. This oxidation
occurs also spontaneously when the tetralone is applied to a silica gel TLC plate
and left aside for 3-4 days before eluting. The conversion amounts approximately
to 60%. The quinoxaline of this naphthoquinone was prepared and characterized

(29) (Figure 5).

Emmotum orbiculatum (Benth.) Miers. The occurence of this small tree is
restricted to Amazonas state and the specimen was collected at km 130 of the
Manaus - Caracari road, on sandy soil. The trunkwood afforded three new
sesquiterpenoids along with the previously known emmotins-D and -H. The new
compounds were characterized as tetralins, two of which, EO-3 and EO-1, were
related to the emmotin group, while to the third one (EQ-4) was assigned another
rearranged eudesmane skeleton of the 1,6-dimethyl-3-isopropyl-decalin type. The
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Figure 3. Chemical transformations used to interrelate naphthalene emmotins.
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Figure 4. Chemical transformations used to interrelate naphthalene emmotins.
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Figure 5. Chemical transformations used to interrelate emmotins from
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structural proposals relied on usual spectrometric analysis and comparison with
available data for the closely related known emmotins. Chemical transformation
(Figure 6) of the aldehyde emmotin into the carboxylic acid confirmed the
corresponding location of these groups in both compounds whereas hydrogenolysis
of the first one to give (+)-occidol has established the skeleton and configuration of
these emmotins. Indeed they gave ORD curves with positive Cotton effects, as
expected. Chemical transformation (Figure 6) of emmotin-A into the two new
tetralin emmotins confirmed the relative positions of the substituents at the
benzenoid ring. The reactions used with this aim could not include hydrogenation
since the methoxymethyl group at C-8 had to be preserved for later oxidation to
the aldehyde and finally, to the carboxylic acid functions. Deoxygenation was
carried out, first at C-2, by reductive cleavage of the acetoxy group of the
diacetate, by the same methodology already exploited for emmotin-F (20). The
deoxytetralone was converted to the tosylhydrazone that was reduced with
NaBH;CN to give the desired tetralin whose oxidative cleavage by DDQ led to the
aldehyde which, by further oxidation with Ag,O, gave the corresponding
carboxylic acid. Both aldehyde and acid were shown to be identical to the natural
emmotins. Exploiting the suitability of DDQ for oxidizing benzylic ether bonds and
causing aromatization (dehydrogenation), emmotin-A was converted to emmotin-
D and the 2-deoxytetralone derived from emmotin-A gave a new naphthalene
lactone, 2-deoxyemmotin-D (29) (Figure 6). The third new tetralin from E.
glabrum (EO-4, Table I) was, initially, postulated as having the emmotin skeleton.
However this structure was revised in favour of a new skeleton on the basis of the
IH NMR chemical shifts for one aromatic proton and one methine hydrogen. They
are, respectively, more protected and less protected than expected for the first
structural proposal, in disagreement with the observed chemical shifts for related
emmotins, but in accordance with the revised structure (29).

Emmotum fagifolium Desv. ex Hamilton is a small tree known by the vernacular
name of "marachimbé" (15). Its trunkwood collected in Para state, afforded
emmotin-H (Table IV) which was characterized as its quinoxaline derivative. O-
Methylemmotin-G was detected, by IH NMR, in a mixture with emmotin-H (30).

Sesquiterpenes from Poraqueiba Species

Poraqueiba guianensis Aublet and P. paraensis Ducke. The trees of this genus
are among the tallest of the American Icacinaceae, reaching 90 feet in height (7).
Trunkwood samples of these species were collected near Manaus, Amazon state,
in the case of P. guianensis, and near Belém, as Para state, in the case of P.
paraensis. P. guianensis afforded two new tetralins, emmotin-Z and its 6-O-
methyl ether (Table I). A combination of one and two-dimensional !H and 13C
NMR spectra led to the proposed constitution and relative configuration for
emmotin-Z (3/) which was confirmed by X-ray diffractometry (32). The absolute
configuration at C-2 and C-3 is considered as 2R,3S based the cis-relationship of
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H-2 and H-3, as evidenced by !H NMR, and by attributing to C-3 the
configuration of all otler tetralin emmotins.
Emmotin-Z was the only sesquiterpenoid isolated from P. paraensis (33).

Mono-, Di- and Triterpenoids from Icacinaceae

The major constituent of Poraqueiba guianensis is a monoterpenoid seco-iridoid,
secologanoside (0.1% in the trunkwood). It is accompanied by minor ammounts of
its methyl ester and by a new highly oxygenated triterpene named icacinic acid
(Goulart, M.O.F.; Sant'Ana, A.E.G.; Alves, R.J.; Souza Filho, J.D.; Maia, J.G.S.;
Oliveira, G.G.; Oliveira, A.B. Phytochemistry, in press.). Iridoids have not been
isolated from P. paraensis and from the analysed species of Emmotum. However
they do occur as carbocylic or seco derivatives in Apodytes dimidiata (34),
Cantleya corniculata (35, 36) and Lasianthera austrocaledonica (37),
Icacinaceous species from the Far East (Figure 7). In Merriliodendron
megacarpum, also from Eastern countries (12), Nothapodytes foetida, from India
(9-11), and Cassinopsis ilicifolia, from South Africa (38), secologanin is the
precursor of the monoterpenoid moiety of complex tryptamine derived alkaloids
(Figure 8).

Diterpenoids have been reported in Icacina species from tropical Aftica and
Humirianthera from tropical South America, i.e. Amazonia. Both genera produce
pimarane diterpenoids with similar AB-ring systems bearing a lactone moiety. This
group is represented by alkaloids from I elaessensis and I. guesfeldtii as well as
the non alkaloidal icacinol, from the later species (39-42) the humiriantholides A-F
from H. rupestris (17), and the humiriantholide-A, -C and -D from H. ampla (18)

(Figure 9).
Biosynthesis of Sesquiterpenoid Emmotins

Formation of the hydrocarbon precursors of the sesquiterpenes from Emmotum
and Poraqueiba may be rationalized by assuming a cyclization process that is
initiated by ionization of 2E,6E-farnesyl pyrophosphate to yield the germacrane
cation (43). A double chair conformation of this cation, under a eletrophilic attack,
explains the formation of (+)-eudesmanes with a trans-decalin skeleton, as those of
emmotinol-A, -B, pterocarptriol and most of the naturally occurring (+)-
eudesmanes showing a typical 7S-configuration as observed in the corresponding
C-3 position of the tetralin and tetralone emmotins. It is proposed that the
biosynthesis of the emmotins, by analogy with that of (+)-occidol (44), should
involve a one carbon shift by a dienol-benzene rearrangement of an eudesmane
precursor (20) (Figure 10).

Concerning the oxygenation of the alicyclic ring of (+)-occidol, it is
reasonable to suppose that it occurs, first at C-2 to give compounds of the 2f
configuration, in a cis-relationship with the substituent at C-3, as in (+)-rishitinol,
emmotin-Z and 6-O-methylemmotin-Z. Further oxidation of rishitinol type
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compounds should give tetralones keeping, initially, the 2B-configuration, and
then, changing, via an enediol, to the 2a.-configuration resulting in the more stable
trans-relationship for C-2 and C-3 observed for all tetralone emmotins, as
represented for emmotin-F (Figure 10). Aromatization of rishitinol and tetralone
type emmotins would lead to the two groups of naphthalene representatives, non-
oxygenated and oxygenated at C-1. Oxidation of one or both aromatic methyl
groups could take place at any stage of the biosynthetic route.

Conclusions

The emmotins, a class of sesquiterpenes based on a rearranged eudesmane skeleton

of the 1,4-dimethyl-7-isopropyl-decalin type are restricted to Emmotum and

Poraqueiba genera, from the Icacinaceae. (+)-Occidol (Figure 1) and (+)-rishitinol

(Figure 1) are representatives of this skeleton that occur in families other than

Icacinaceae. (+)-Occidol is supposed to be an intermediate in the biosynthesis of

the emmotins (Figure 10). Thus, the close recognized botanical affinity of

Emmotum and Poraqueiba has been shown to extend to chemical characters.

As pointed out by Kaplan ef al. (45), although the chemistry of Icacinaceae
does seem rather heterogeneous, a strong chemical relationship linking the genera
of this family exists and can be summarized as follows:

1. A pronounced trend towards diversification of mevalonate derived metabolites
(mono, sesqui, di and triterpenoids).

2. A uniformly high level of oxidation of the terpenoids, jointly with the presence
of seco-iridoid derivatives, are recognized as advanced characters supporting
the placement of this family in the superorder Cornifloreae, order Comales, as
proposed by Dahlgren (6).
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Chapter 11

Chemical Studies of Myristicaceae Species
of the Colombian Amazon

Juan C. Martinez V. and Luis E. Cuca S.

Departmento de Quimica, Universidad Nacional de Colombia, A.A. 14490,
Santafé de Bogotd, Colombia

Amazonian societies of Brazil and Colombia make ample use of
species belonging to the Myristicaceae family as medicines,
hallucinogens and arrow poisons. Analysis of seven such species
affored a large number of novel compounds, chiefly neolignans
(coupling products of propenylphenols and allylphenols) and
iryantherins (coupling products of dehydrochalcones and

neolignans).

Since early times, plants have been used by man to cure his diseases. Our natives
and Indians knew and manipulated, with surprising effectiveness, the healing
powers of plants. This healing power, without doubt, is due to the substances that
the plant produces during its development, as a result of its metabolism.

Colombia is a fortunate country in terms of its rich variety of plants, most
of which are found in the Amazon Region; but, unfortunately, some species have
disappeared and others will follow the same path, in the name of progress, due to
the indiscriminate felling of our primary forests, wich will keep us from knowing
the metabolites of these species. Besides, the effects of erosion and soil
degradation will convert our jungles into deserts.

Our phytochemical research group has centered its interests on studies of
the Myristicaceae. Papers that raised most interest in the study of plants of this
family were published by Schultes (/-3) and Gottlieb (4). Table I, adapted from the
literature (4), gives an idea of the use of Myristicaceae by Amazon Indians. The
contents of the Table provide a serious motivation for the necessity of submitting
species of this family to phytochemical and pharmacological studies.

The Myristicaceae family belongs to the order Laurales and includes 19,
genera (Table II), six of which are native to the American Continent. According to
the vouchers that are kept in the Colombian National Herbarium, 50 species of
these seven genera have been collected in our country, as shown in Table III.

0097-6156/95/0588—0116$12.00/0
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Genera Plant part  Preparations  Uses or treatments
Compsoneura leaves tea mental disorder, trembling
bark decoction infected wounds, ulcers
Dialyanthera  seeds butter skin infections of domestic
animals,erysipelas, hemorrhoids
Iryanthera leaves plaster infected wounds, infections by
fungi, itching of skin
bark decoction infections by fungi, erysipelas
latex stomach poisoning
fruit fish bait
Virola leaves tea tea substitute
bark decoction vitiligo, tooth ache
decoction hallucinogenic powder and
with ashes tablets, arrow poison
seeds butter rheumatism, intestinal worms,
asthma, bad breath
kino colics, bleeding, ulcerated
wounds
sap hemorrhoids

Adapted from Gottlieb, ref. (4).

Table II. Genera of the Myristicaceae family

Brochoneura Haematodendron Osteophloeum™*
Cephalosphaera Horsfieldia Otoba*
Coelocaryon Iryanthera* Pycnanthus
Compsoneura* Knema Scyphocephalium
Dialyanthera* Maloutchia Staudtia
Endocomia Myristica Virola*
Gymmnacranthera

* Genera native of the American continent.
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Table III. Species of Myristicaceae found in Colombia

Genera Number of species  Genera Number of species
Compsoneura 5 Osteophloeum 2
Dialyanthera 5 Otoba 3
Iryanthera 11 Virola 24

Our investigations on species of this family have, as a first, short term
objective, the isolation, purification and identification of secondary metabolites of
different parts of the plant. We studied ten species (Virola calophylia, V.
calophylloidea, V. carinata, V. elongata, V. sebifera, Iryanthera laevis, I. pavonis,
1. tricornis, Compsoneura atopa and Osteophloeum sulcatum). Some of the results
of these studies are given below.

Virola calophylla

From bark (5) and leaves (6) lignans of several types were isolated and identified.
The former was shown to contain four neolignans of the dibenzylbutane type 1a,
1b, 2a and 2b, one of the benzoylbenzylbutane type 3a, two aryltetralins 4a, 4b,
and three of the arylnaphthalones 5, 6a and 6b. In the latter three neolignans of the
dibenzyl type 1a, 1c and 2a, and one neolignan of the tetrahydrofurane type 7 were
identified.

Virola calophylloidea

Benzene extracts of leaves, bark and wood were examined. Metabolites identified
were of the neolignan, flavonoid and steroid type. The leaves possess a steroidal
fraction. GC, HPLC and GC-MS studies indicated that it was composed of a
mixture of colesterol, sitosterol, stigmasterol and three other unidentified sterols
(7). Four neolignans 8, 9, 10 and 2¢ were also isolated in pure form (8,9). It was
shown that compound 10 is produced by dehydration of 9 in acid medium. The
substances 8, 9 and 10 were also identified in bark. Wood afforded three
flavonoids (/0), a flavone 11, an a-hydroxydehydrochalcone 12, and a 1,3-
diarylpropane 13a, as well as an alkaloid, 3-indolcarboxaldehyde (/7).

Virola carinata

Wood of this species was studied in Brazil and bark in Japan. From the benzene
extract of the leaves (/2) we isolated five compounds 14, 15a, 15b, 15¢ and 16, all
of the lignoid type. Substances 15a, 15b, 15¢ and 16 are part of an exceptional
series of compounds which we called pseudoneolignans, since the sole oxygenation
of C-9 and lack of oxygenation at C-9’ does not allow us to include them eithet
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among the lignans or the neolignans, the former with oxygenation at both positions
and the latter without oxygenation at either position, as defined by Gottlieb (/3).

Virola elongata

Three neolignans were isolated and identified from the benzene extract of the bark
of this species (/4). Two, 17 and 18, correspond to the tetralone type and the
other, 3b, to the benzoylbenzylbutane type.

Virola sebifera

V. sebifera is the most widely studied species of the Myristicaceae family. The fruit
was studied in Brazil and a large number of metabolites (/5-19) which correspond
to four polyketides, six lignans and 19 neolignans were identified. The bark was
studied inVenezuela (20) and Japan (21, 22), fatty acid derivatives, six alkaloids,
one terpene and two lignans having been identified. Leaves, bark and wood were
studied by our group. Three furofuran lignans, (+)-sesamine 19a, (+)-kobusine
19b, and (+)-eudesmine 19¢, were identified in the leaves (23). Two lignans, (+)-
sesamine and (+)-kobusine, were identified in the bark (24) and three 1,3-
diarylpropanes, 13b, virolanol B 13¢, and virolanol C 13d were found in the wood
n.

Iryanthera laevis

We studied fruit and bark of this species which is known by several common names
such as "otoba"or "kimo" in Caquets, and "mamita" in Meta (region of San
Martin). The inhabitants of this last region eat the aryl of the fruit as a sugary
preparation. Fruits were separated into mesocarp, aryl and kernel and each of the
parts was studied sparately (9, 25) revealing dihydrochalcone type compounds in
all of them. Compound 20a was isolated from the three parts of the fruit,
compounds 20b, 21 and 22a were obtained from the aryl, compounds 21, 22a and
22b from the mesocarp and compound 23 was obtained from the kernel. Four
dihydrochalcones, 20a, 20c, 20d and 24 were identified in the bark (26,27). In the
iryantherins 21, 22a, 22b, 23 and 24 the dihydrochalcone unit bears a lignoid
substituent.

Iryanthera tricornis

Dihydrochalcones 20a and 24 were found in the bark while 1,3-diarylpropanes
13e, 13f and 13g were isolated from the wood (28).
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Chapter 12

Plant Chemistry of Amazonia
in an Ecological Context

Klaus Kubitzki

Universitit Hamburg, Institut fur Allgemeine Botanik und Herbarium,
Ohnhorststrasse 18, 22605 Hamburg, Germany

Secondary plant chemistry of Amazonia is intimately related to the
oligotrophy of the available substrate, which is shown to be the
result of the geological history of Amazonia and adjacent Guyana.
Patterns of plant defense against herbivores and microorganisms are
discussed in the framework of various hypotheses, including the
concepts of scleromorphy, of "mobile" vs. "immobile" defense, of
nutrient resources, and of defense based on carbon vs. nitrogen.
Edaphic processes are mentioned in which the accumulation of
acidic mor leads to an increase in soil acidity, followed by selective
lixiviation, and an enhancement of polyphenol production in the
vegetation.

In view of the vast extension and biotic richness of the "Hiléia Amazonica" the
state of its chemical exploration is still unsatisfactory. This is not just due to the
enormous size of the task. The difficult access to the region and, last but not least,
political sensibilities are additional reasons for this situation.

It is true there exist very valuable contributions made by natural product
chemists referring to a selection of Amazonian plant species, mostly focusing on
substances with striking pharmaco-dynamic properties, that have been or continue
to be employed by indigenous people, such as timb6, curare, and hallucinogenic
substances (Z,2). There are also numerous studies referring to wood and other
plant constituents most valuable in a chemical or sometimes chemosystematic
context listed in the "Cadastro Fitoquimico Brasileiro" (3) but we are far from
having a coherent picture in this respect, not to speak of the ecologic significance
of such compounds. Therefore, in the following, when considering Amazonian
plant chemistry on the community level I will have to resort also to contributions
to environmental chemistry from other tropical regions of the World.

0097—6156/95/0588—0126$12.00/0
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When trying to deal with ecologic implications of secondary metabolites of
Amazonian plants, two aspects appear of foremost importance: firstly, the reaction
of the vegetation to the poverty of nutrients that characterizes the major part of
Amazonia (which we are beginning to understand); and secondly, the enormous
degree of plant diversity which certainly implies an equally large degree of
chemical diversity (of which we know next to nothing).

With the exception of the region of the crystalline shields north and south
of the Amazon valley, Amazonia is often considered geologically young, and so its
flora is supposed to be as well (an aspect not to be discussed here further). This is
apparently in contrast to the Guayana Highland which represents one of the oldest
regions of South America that certainly has not been inundated since the Middle
Cretaceous or, most likely, not even since the Paleozoic. The geologic history of
the Guayana highland is closely interrelated with that of its foreland and has strong
repercussions on the edaphic conditions beyond the Guayana region. The flora of
the Guayana lowland, often considered as representing a separate floristic region,
differs mostly at the specific level from that of Amazonia. For these biogeographic
and historic reasons it seems necessary to include the Guayana region into our
consideration.

Geological History of Amazonia and Guayana

The river Amazon follows an ancient rift valley that existed at least since Jurassic
times. The continuation of the Amazon rift valley can be traced in the African
Bénoué Graben (4). Through major periods of time during the Cretaceous and
Tertiary the Amazon valley has been a zone of depression, as is documented by
series of deposits composed of clay, sand and gravel, which are up to 600 m thick
and are known as Solimdes clays, Barreiras layers, and so on. These deposits
document the limnic-fluviatile history of Amazonia, which was characterized by
freshwater lakes and rivers of vast extension. So long as Africa was connected with
South America and the Atlantic Ocean did not exist, the drainage from the Amazon
region was directed into the Pacific (5) or the Caribbean. Following the opening of
the Atlantic Ocean in the Jurassic, a land-locked watershed between the Atlantic
and Pacific Ocean was built up, which Grabert (6) has identified as being along a
line connected by Mount Roraima, the Serra do Divisor and Serra dos Parecis.
With the uplift of the Andes, backwaters accumulated in western Amazonia which
eventually overflowed and eroded the watershed, and the whole drainage was
directed eastwards.

Geo-ecologically, the uplift of the Andes was the event with the greatest
impact on Amazonia. Now white water rivers, carrying a load of silt and clay
stemming from their source area in the Andes and its foreland crossed Amazonia
and began "polluting” it. Nutrient-rich white water influenced also the flood plains
which due to the annual deposit of the sediment-load became the most fertile
region of Amazonia. In contrast, the clastic sediments that had been deposited in
the Amazon valley before the upheaval of the Andes had originated from the
erosion of crystalline rocks and sandstones. Only occasionally, limited amounts of
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calcareous material may have been included in these sediments which was derived
from calcareous rocks of Paleozoic age, which fringe the valley of the Lower
Amazon. Thus one can conclude that Amazonian rivers previous to the uplift of
the Andes had been poor in nutrients, as are present-day "clear” and "black” water
rivers (7). Since the sediment load of black and clear water rivers of Amazonia is
extremely low, one might conclude that major periods of the limnic history of
Amazonia are not at all documented by sediments.

A major portion of the surface of Amazonia is formed by Tertiary
sediments, while in its northern and southeastern fringe the products of the
decomposition of igneous rocks prevail. However, patches of white sand are found
here and there everywhere in Amazonia and in the northwestern sector, the Rio
Negro region, areas of white sand are of vast extension. Some of these sand areas
have originated from selective lixiviation of soils derived from the weathering of
igneous rocks (8). The selective loss of clay minerals from Barreiras layers is also
known to have led to podzolic soils (9), but the main source of white sands has
been the decomposition of the sandstones of the Roraima formation. These arenitic
rocks at present reach a thickness of about 3000 m, but originally must have been
much thicker. Based on the presence of low grade metamorphic minerals in the
upper part of the Roraima formation it has been argued that originally there had
been several thousand meters of rock above the present surface (70). It has also
been claimed that originally the Roraima sandstones covered a much larger area
than today, though this is not completely known. Whatever their original
distribution, horizontal and vertical erosion of the sandstone formation that has led
to the present table mountains with deeply incised valleys and steep escarpments
must have liberated immense masses of gravel and sand, which were deposited in
the foreland of what today is the Guayana highland (Figure 1). Thus the northern
savannas of French Guiana, Surinam and Guyana, the Rupununi savannas of
Guyana, and the vast white sand areas in the region of the upper Orinoco and Rio
Negro largely owe their existence to this process. Also the proportion of sand
contained in sediments deposited during the Miocene and Pliocene at a greater
distance from the highland, such as in eastern Venezuela and off Trinidad, is
certainly due to the weathering of the Roraima sandstone (/7).

Thus it can be said the prevailing latosolic forest soils of Amazonia are
derived from Tertiary sediments and from weathering of igneous and metamorphic
rocks. Interspersed in them are islands of white sand, which prevail in the
northwestern sector of the hylaea. The poverty in nutrients even in the more
favourable latosols is so pronounced that the well-known short-cut nutrient cycle
of humid tropical forests has originated. Jordan (/2) has demonstrated that an
Amazonian forest on latosol maintained itself on nutrients derived from the
atmosphere. Nutrient stress must be even more pronounced on sand-derived
"arenosols", which are critical also in terms of their low water-holding capacity. In
the major part of Amazonia these precarious edaphic conditions may have
prevailed for an extended period at least during the Tertiary, an exception being
the richer soils that exist in the southwestern sector of the hylaea. Only with the
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upheaval of the Andes did trophic conditions along white water rivers become very
favourable.

Nutrient Stress and Plant Chemistry

Now we are prepared to analyse the interrelationships between vegetation and
substrate, a topic that has been much discussed during the past decades. Arens
(13,14) was the first to apply the concept of nutrient stress in an attempt to explain
the "sclerophytic" features of Central Brazilian cerrado vegetation. The plants
composing this vegetation present features such as leaves rich in sclerenchyma and
provided with thick cuticles. These traits would suggest adaptations for
diminishing their rate of transpiration. In fact, however, transpiration is not
restricted and the scleromorphic features are a reaction to the poverty of nutrients,
above all nitrogen and phosphorus. Today we know that this scarcity leads to an
elevated rate of cinnamate-derived compounds at the cost of the rate of nucleotides
and proteins, and finally results in an increased content in phenolic substances such
as flavonoids, condensed tannins, and above all lignin, which directly implies
sclerophytism. In numerous experiments plant physiologists were able to modify
the phenotype, particularly the rate of sclerophylly, through the variation of
nutrient supply. Here, however, we are interested in cases in which sclerophytic
traits due to the chronic poverty in nutrients selectively have been incorporated
into the genotype. Nutrient stress-induced sclerophylly is noticeable both in
specific lineages of plants and at the level of community. Thus the family Ericaceae
shows many sclerophytic traits and rich nutrient supply is lethal for most of its
members. The sclerophyllous heath forests of Borneo composed the first biome in
the humid tropics to which the concept of nutrient stress-induced sclerophytism
was applied (15). McKey et al. (16), working in tropical Africa, found the contents
in phenolic substances from tree species of nutrient-poor forests significantly
higher than that of nutrient-rich forests. Thus a general chemical dichotomy was
recognized: plants which contain alkaloids contain low levels of tannins and other
phenolics, while plant species rich in phenolic compounds generally do not contain
alkaloids. This has been the experience of various phytochemists since the time of
Greshoff (17), who thought of an interaction between tannins and alkaloids
forming insoluble complexes in which the activity of both were annihilated. Today
chemists do not expect to find substances with a striking physiological effect in
tanniferous plants.

Also other chemical differences were found to accompany the
tannin/alkaloid dichotomy. Plant material rich in tannins normally contains more
fibrous material, i.e. lignin, than alkaloid containing leaves. Thus a general
dichotomy was envisaged between plants growing in nutrient rich and nutrient
poor habitats, the first category having alkaloids, the second tannins and
sclerophyllous structures.

Later on it was verified by Coley working in Panama4, and other workers as
well (see Coley et al.) (/8), that leaves rich in tannins have a longer lifetime and are
formed by slow-growing plants in comparison with alkaloid-containing plants
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which are fast-growing and whose leaves are replaced in shorter intervals. By this
observation earlier deductions that had been made by Janzen (/9) were confirmed.

Since it is generally accepted that secondary plant constituents basically
owe their existence to the selection by herbivores, microorganisms, etc., the
dichotomy between alkaloids and tannins called for an explanation. To this end,
various hypotheses were offered, which have been reviewed by Feeny (20). One
was the "apparency hypothesis”, which claimed that the more "apparent" or
"predictable and available" plants should depend more on "quantitative” defense,
i.e. tannins and other polyphenols, which were considered to be in principle non-
detoxifiable. "Qualitative defense" involving smaller quantities of toxins such as
alkaloids would then be the viable option for "unapparent” plants. However, these
concepts have not been fully supported by observed patterns of predation. It seems
that also the postulated effects of tannins can be circumvented by various
metabolic properties of the herbivore, and some tannins seem to be directly toxic
to some consumers, in contrast to earlier postulates. Nonetheless, many recent
studies have strengthened the view that tannins can act as strong deterrents for
herbivores, perhaps because of their association with foliage of poor quality.

In the 1980s, and mostly based on work by Coley et al. (/8) (see also
Waterman and McKey) (2/), the nutrient availability of the habitat again came into
focus. The idea of nutrient-induced sclerophytism was taken up and amplified by
taking into account differences in growth rates of plants and the lifetimes of their
leaves. Investment in polyphenols including lignins in the foliage was classified as
"immobile" defense, because these compounds are relatively inactive metabolically
(18). In more fertile habitats plant growth is more rapid, and "mobile" defense is
based on substances such as alkaloids, cyanogenic glycosides, and terpenoids
which, though being present in small quantities, continually are turned over (Table

1.

Table I Defense-Oriented, Metabolism-Oriented, and Resource-Oriented
Classifications of Secondary Metabolites
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Thus interpretations have undergone a shift (22). Initially defense patterns
were interpreted from the point of view of the herbivore, which led to the
distinction of qualititative and quantitative defense. Emphasis on the nutrient
resources and plant metabolism then led to an amplification of Arens' ideas in the
"resource allocation hypothesis" (18), from which the distinction between immobile
and mobile defense was derived. Somewhat different is the distinction between
nitrogen-based and carbon-based defense (23), which exclusively is based on
trophic conditions and may prove fruitful in the context of forest ecology.

Ecological Plant Chemistry in the Amazon

Since the time of Ducke and Black (24) the vegetation on oligotrophic white sand
habitats of Amazonia has raised the interest of botanists. There exist close floristic
ties between the flora of this so-called "campina-" or "caatinga-"vegetation and the
flood plain vegetation of nutrient-poor black and clear water rivers of Amazonia
(25). The flora of white sand communities - both inundatable and non-inundatable -
obviously derives from an old floristic stratum of northern South America that for
a long time, perhaps since the Cretaceous, had its development restricted to
arenosols, which are highly critical both as to their scarcity of nutrients and
unfavourable water balance (26). The elements of this vegetation show
characteristic physiognomic traits in their sclerophyllous foliage, often tortuous
growth, and prominent association with ectotrophic mycorrhizal fungi. The latter
were recorded first by Singer and Araujo (27) in the floodplain forest of the Rio
Negro and more recently have been shown to occur on white sand vegetation in
Venezuela. These fungi seem to competitively prevent the growth of litter
decomposing basidiomycetes, so that raw humus accumulates in vegetation rich in
ectotrophic mycorrhiza. Medina et al. (28) studied the sclerophyllous species of the
Upper Rio Negro region and found that they structurally and physiologically
largely agree with sclerophylls from semiarid regions of the world except for
having a larger leaf size. It is noteworthy that the sclerophylls are not more
pronouncedly drought-resistant than other less strongly sclerophyllous species.
Thus Medina et al. (28) agree in considering deficiency in nitrogen and especially
phosphorus as the decisive factor for the selection of sclerophylly.

The impact of plant metabolites on edaphic processes

From senescent leaves some secondary compounds and nutrients such as nitrogen
and phosphorus are withdrawn, while other compounds, and certainly most
polyphenols, are lost with the leaves and other plant litter. Thus together with dead
plant biomass, large quantities of polyphenols are deposited on the ground of the
forest. In temperate regions, Rice and Pancholy (29) estimated the "tannin-fall" at
about 85 kg ha™ yr', while in tropical humid forests an input of 200 kg ha™ yr! of
phenolics seems reasonable (27). It is certain that these compounds will have some
favourable effect on the nutrient balance leading to the retention of nitrogen in the
soil, either by diminishing its rate of release from decomposing tissue or by

preventing its conversion to the NO,” form in which it is easily leached out of the
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soil. The accumulation of tannins and the formation of various tannin/protein
complexes enhances the quantity of humic matter in the soil and increases soil
acidity. Since in oligotrophic habitats very large quantities of polyphenols will be
deposited, the extreme condition of their soils will be aggravated, with the
consequence of a further reduction of the growth rate of the vegetation and
increasing polyphenol production. These processes would explain the extreme
sclerophylly in the campina/caatinga vegetation of the northwestern sector of the
hylaea.

The increase in soil acidity also has an effect on the solubility of the
components of the soil. At medium values of soil reaction at about pH 5-7 silica is
soluble and consequently soils of the humid tropics in very long periods of time can
lose all their quartz content and become latosols which are eventually built up
exclusively by oxides of aluminum and iron. With increased acidity at values below
pH 4 the solubility of silica decreases while ferric and aluminum oxides, now
soluble, are lost by lixiviation. Thus there is a feedback between increase in soil
acidity, accumulation of acidic mor soils, selective lixiviation of soils ending up in
pure quartz sand soils, and an enhancement of polyphenol production in the
vegetation.
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Chapter 13

Lignans: Diversity, Biosynthesis,
and Function

Norman G. Lewis, Massuo J. Kato, Norberto Lopes,
and Laurence B. Davin

Institute of Biological Chemistry, Washington State University,
Pullman, WA 99164—6340

The Amazonian region contains one of the world’s most
important repositories of plant biodiversity, whose careful and
lasting stewardship is a most pressing issue facing this and
future generations. Remarkably, only a tiny fraction of its plant
life has been systematically and comprehensively examined for
its (bio)chemical constituents and ultimate benefit to humanity.
Consequently preservation of this resource is of paramount
importance.

This chapter addresses the occurrence and distribution of a large
class of phenylpropanoid metabolites, collectively known as
lignans, and their increasing significance as physiologically and
pharmacologically active substances e.g., as antiviral, antitumor,
biocidal and other bioactive agents.

Based upon emerging chemotaxonomic data and recently
discovered biochemical pathways, it appears that a high level of
probability can be exercised in predicting lignan structural
variants likely to be present in representatives of specific plant
family superorders. Using the lignans as an example, it is
proposed that further compilation of such data (at the chemical,
biochemical, and gene expression levels) will be of great
significance in “cataloging” plant biodiversity.

The ca 350,000 or so different species in the plant kingdom are all thought to
have derived from a common ancestral, aquatic, algal precursor (/). But this
transition to a terrestrial environment both necessitated further elaboration of
existing biochemical pathways and introduction of new ones.
required in order that plants could: provide improved means for structural
support, water and nutrient conduction; form protective layers to minimize the
effects of changes in temperature, humidity, UV-B irradiation and

0097-6156/95/0588—0135$15.25/0
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encroachment by pathogens; form layers preventing uncontrolled water
diffusion (losses), and sustain a high water potential for active, highly
regulated metabolism.

Plant species are fairly readily distinguishable from one another, not
just in terms of gross morphology and structure, but also from a
chemotaxonomic sense. This is because, as evolution progressed, various
organisms established different emphases in their overall biochemical
pathways. The competitive advantages gained by specific metabolic changes
are most readily observed as different abilities of particular species to thrive
under specific climatic/environmental conditions, e.g., in plants favoring rain
forest or desert climates, etc. Such differences in habitat adaptation capability
are often achieved by exquisitely orchestrated alterations in cell wall and
membrane synthesis.

Another notable feature regarding the overall evolution of plant
species lies in their different capabilities to accumulate specific low molecular
weight metabolites [or micromolecular compounds, (2)], e.g., specific
phenylpropanoids, alkaloids, terpenes, etc. Although no structural roles are
contemplated, these compounds do nevertheless play important roles in
competitive survival. Some exhibit profound effects on growth and
development, whereas others are important in plant-host interactions, in
allelopathy, and in protective functions (e.g., as antioxidants, biocides, UV-
screens, etc.). Many also find important application in pharmacological and
medicinal cures/treatments as well as sources of flavors, fragrances and
intermediate chemicals. However, it must be emphasized that only a very
small number of compounds and plants have been systematically screened for
possible use e.g., as medicinal agents.

There is growing concern that many of the plant species which
evolved over time will be irretrievably lost, as civilization and its associated
technologies encroach upon the remaining virgin (rain) forest stands.
Nowhere is this more evident than in the Amazonian (rain) forests, which
harbor a great number of angiosperms. The projected disappearance of many
of these organisms (and others dependent upon same) is a matter of great
concern for the following reasons. They may (1) contain as yet undiscovered
cures for existing and/or future diseases; (2) possess unique biological traits
which can be subsequently introduced into commercially important species,
e.g., to enhance productivity or to impart novel defense functions
(antioxidants, biocidal properties, and the like); (3) provide new biopolymers
suitable as valuable replacements for existing petroleum-derived polymers;
and (4) provide new foodstuffs and/or sources of valuable chemicals for
industrial application (e.g., fragrances, intermediate chemicals), and alternate
(improved) sources of lumber and paper.

The threat of extinction (of some species and/or the rain forests
themselves) has resulted in world-wide concern. One manifestation of this is a
desire to catalogue, in some meaningful and lasting manner, the current plant
inventory. The mechanisms envisaged to collect such data are varied and
range from gathering metabolic/chemotaxonomic profiles and associated
biochemical markers to molecular mapping (e.g., via DNA fingerprinting), and
so on.

This chapter addresses how, for example, the phenylpropanoid
pathway and associated lignan (neolignan) metabolic profiles can be used as a

’
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classification aid. It describes the proposed evolution of the pathway and
current chemotaxonomic interpretations, the progress in defining biochemical
pathways and appropriate markers, and the growing physiological and
pharmacological significance.

Nomenclature

The lignans are a widespread and structurally diverse class of
phenylpropanoid metabolites whose biosynthesis appears to be restricted to
vascular plants (1). Of those isolated and characterized to date, the majority
are dimeric (3) although a growing number of higher oligomers are being
characterized and identified (4-6). There are significant difficulties in usage of
current nomenclature, since lignans are currently defined as only those
metabolites linked via 8,8' carbon-carbon bonds, with neolignans embracing
all other coupling modes [see Ref. (3)]. Another school of thought classifies
all types of coupling as affording lignans, with neolignans being restricted to
those metabolites apparently derived from allyl or propenyl phenols (7).

As a further refinement, we would propose that the term lignans be
used to describe all products obtained via direct coupling of at least two
moieties exclusively derived from phenylalanine 1 or tyrosine 2, but still
containing the requisite C6C3 skeleta (see Figure 1). A satisfactory distinction
between the terms, lignins and lignans, should follow the widely adopted
"rules" in polymer chemistry, i.e., where lignins (cf. cellulose, polyethylene) are
polymeric moieties having considerably different physical properties (e.g.,
viscosity, glass transition temperatures, etc.) and functions, to that of dimeric
and oligomeric lignans (cf. glucans, ethylene, etc.).

This refinement in lignan definition would satisfy the following: (1)
dimeric and oligomeric products obtained, for example, via Oz-laccase or
H703-dependent peroxidase catalysis of coniferyl alcohol 13 would now all
be described as lignans, i.e., the dimers, (%)-pinoresinols 20a/20b,
(+)-guaiacylglycerol-8-O-coniferyl alcohol ethers 21, ()-dehydrodiconiferyl
alcohols 22a/22b, rather than lignans and neolignans as currently exists; (2)
that trimers, etc., containing various “lignan and neolignan” linkages such as
buddlenol D 23, can now be classified simply as lignans; (3) that lignans be
systematically classified into families or subgroups based upon basic structural
parameters, e.g., tetrahydrofuran, cyclobutane, phenylcoumarin lignans, etc.,
with appropriate biosynthetic considerations taken into account as needed.
An arbitrary classification is given below in Figure 2, indicative of common
structural types.

Proposed Evolution of the Phenylpropanoid/Lignan Pathways and
Perceived Chemotaxonomic Trends

The envisaged transition from an aquatic to a terrestrial environment was
accompanied by, or was dependent upon, evolution of new biochemical
pathways, particularly those leading to the phenylpropanoids. The first
committed step in the phenylpropanoid pathway involves deamination of
phenylalanine, Phe 1 (or, in a few instances, tyrosine, Tyr 2) to afford the
corresponding cinnamic 3 or p-coumaric 4 acids, respectively [reviewed in
Ref. (8)]. Elaboration of the pathway, shown in Figure 1, thus provided a

NOTE: structures appear in Appendix at the end of this chapter
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means to synthesize various metabolites, including those affording lignins (9)
(for structural support, water/nutrient conduction, and as barriers to
opportunistic pathogens), hydroxycinnamic acids [putatively involved in
cross-linking primary walls (reviewed in Ref. (10))], lignans/neolignans [which
have roles as antioxidants (1/-13), putative cytokinins (14, 15), growth
inhibitors (16), intermediates in lignin synthesis (17), as well as antiviral (18),
fungicidal (19) and other biocidal properties (20)] and other miscellaneous
metabolites, such as vanillin 24. Offshoots of both the phenylpropanoid and
acetate pathways lead to the suberins (providing water diffusion resistance
barriers and wound-healing layers) (8), and to the flavonoids (these putatively
having roles in protection against UV-irradiation (21), nitrogen fixation (22),
defense against phytopathogens (23), pollen germination (24), etc. Although
the overall pathway is well established, there is some debate as to whether the
free acids or their corresponding CoA derivatives, or both, serves as substrates
for O-methylation (Ye et al., Plant Cell, in press).

Unfortunately, the existing fossil record does not permit delineation of
an orderly progression of events from the putative algal precursors to those of
the extant plant forms [reviewed in (I)]. Consequently, much of our
knowledge of presumed evolutionary progression derives from
chemotaxonomic considerations.

Algae and Bryophytes. There is no evidence of the biogenetic
capability of algae to form either lignin polymers or lignans (). In a
somewhat analogous manner, they are also apparently absent in both the
fungi and various classes of bryophytes [i.e., Bryophyta (mosses),
Hepatophyta (liverworts), and Takakiophyta (takakiophytes)]. These
organisms did, however, partially elaborate the phenylpropanoid pathway to
afford p-coumaric 4 and caffeic 8 acids and derivatives thereof. This inability
to engender formation of lignins may be closely correlated with an apparent
inability to regiospecifically O-methylate caffeic acid 8 (or its corresponding
CoA derivative 9) at C3. By contrast, the hornworts (Anthocerotae), which
are currently classified within the bryophytes do synthesize/accumulate the
simple 8,8' linked lignans, (+)-megacerotonic acid 25 (i.e., in Dendroceros
Japonicus, Megaceros flagellaris, Notothylas temperata, and Phaeoceros
laevis), as well as (+)-anthocerotonic acid 26 in Anthoceros punctatus (25,
26). Significantly, both are apparently formed via coupling of p-coumaric 4
and caffeic 8 acid moieties, and it is noteworthy that regiospecific
O-methylation at C3 is again lacking. The evolutionary significance of these
findings is, however, yet unclear since the hornworts are believed to have
evolved during the Cretaceous period (27) after evolution of the
pteridophytes, gymnosperms, and angiosperms had occurred. Nevertheless
testing for the presence of these and related compounds, as well as for the
corresponding coupling enzymes, mRNA and DNA, etc. may be excellent
phylogenetic markers for hornworts.

Pteridophytes. Evolution of the biochemical pathway to the lignins
proper apparently first occurred with the appearance of the pteridophytes, the
earliest remains of which to date come from the Devonian period (27). In
extant plants, lignins are seemingly present in the ferns (Filicopsida),
clubmosses (Lycopsida), horsetails (Equisetopsida), and the Psilotopsida [see
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Ref. (9)]. Surprisingly, there are few detailed analyses of lignins from these
organisms, and perhaps even more surprising there are, to our knowledge,
only two reports of pteridophyte lignans (28, 29). The first report was that of
glucosides of dihydrodehydrodiconiferyl alcohol 27 (a phenylcoumarin
lignan) and lariciresinol 28 (a furanolignan) in Pteris vittata (28), and the
second of blechnic 29 and 7-epiblechnic 30 acids (both phenylcoumarin
lignans) in six Blechnaceous tree-ferns (e.g., Blechnum orientale) (29).

The tree-fern metabolites are presumably derived via oxidative
coupling of two caffeic acid 8 moieties, and perhaps represent the earliest
bona fide examples of phenolic coupling to give the lignan skeleta. It may
also be highly significant that the corresponding O-methylated dimers from
either ferulic 10 or sinapic 16 acids are apparently absent, again suggestive of
some evolutionary clue regarding the importance of timing of O-methylation.
The optical rotations of both blechnic acid 29, [a]p=-28°, and epiblechnic
acid 30, [a]p=-145°, are noteworthy since neither are expected to result from
typical Oz-laccase or HpO2-dependent peroxidase catalyzed transformations
which engender racemic product formation. Again, the presence of these
metabolites (or analogues thereof) and the identification of their appropriate
biochemical/ molecular machinery may be extremely useful in systematic
classification of the tree-ferns.

On the other hand, the lignans of the fern, Pteris vittata, reveal that
O-specific methylation has now occurred (as required for lignin synthesis), as
well as various reductive modifications (discussed later). However, the
aglycones of dihydrodehydrodiconiferyl alcohol glucoside 27, and
lariciresinol glucoside 28 are weakly optically active ([a]p=-8.5° and +15.7°,
respectively), suggesting derivation from a racemic precursor and, hence,
presumably originate via a typical O;-laccase or H2O2-dependent peroxidase
catalyzed conversion. Clearly, the underlying reasons for the differences,
noted this far between the ferns and tree-ferns need to be determined to
establish evolutionary significance.

Gymnosperms. Although there are no reports of their occurrence in
the Cycadales and only one in the Ginkgophytes [i.e., sesamin 31 in Ginkgo
biloba (30)], lignans are fairly widespread throughout the gymnosperms ().
They are found within the Podocarpaceae, Taxodiaceae, Taxaceae,
Cupressaceae, Pinaceae, Ephedraceae, and Araucariaceae families (1, 7).
Although various structural trends have surfaced which are described below,
these should only be viewed at this point as predictive chemotaxonomic
markers until more extensive verification has been obtained. Nevertheless, in
the Podocarpaceae, the first appearance of simple aryltetrahydronaphthalene
lignans occurs, such as (+)-O-methyl-a-conidendral 32 in Dacrydium
intermedium (31, 32) and (-)-a-conidendrin 33 in Podocarpus spicatus (33).
In the Taxodiaceaec and Cupressaceae, a new structural feature has been
added, namely introduction of a methylenedioxy group, as in taiwanin C 34 in
Taiwania cryptomerioides (34), as well as new oxidative patterns such as
shown by dihydroxythujaplicatin 35 from Thuja plicata (35). The Pinaceae
appear to have a much more restricted structural range, with typical examples
being dehydrodiconiferyl alcohol 22 (Nose et al., Phytochemistry, in press),
pinoresinol 20 (36, 37), (-)-o.-conidendrin 33 and (-)-matairesinol 36b (38),
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whereas the Taxaceae have lignans apparently derived from monomers
containing coniferyl 13 and 3,4-dihydroxycinnamyl 37 alcohols, respectively,
e.g., taxiresinol 38 from Taxus baccata (39). Lastly, in the Araucariaceae,
such as that of Parana pine (Araucaria angustifolia), a new structural
modification is evident, as revealed by (-)-galbulin 39 (40). Formation of this
metabolite requires either post-coupling reduction of the hydroxymethyl
functionality at Co, or it is derived from allylphenols such as eugenol 40 or
isoeugenol 41. Taken together, characteristic metabolic profiles appear to be
emerging for the different gymnosperm families. This in turn means that there
is a strong likelihood that assaying for unique enzymatic steps (or genes
encoding their products) for particular lignan subgroups will provide a
powerful method for their rapid classification.

Angiosperms. The last group are the angiosperms, these being the
most diverse form of plant life with ca 200,000 different species. Although
only a limited number have been examined in detail, they are nevertheless a
rich and varied source of lignans, these being found to date in dicots (i.e., the
Magnoliiflorae, Nymphaeiflorae, Rosiflorae, Malviflorae, Myrtiflorae,
Rutiflorae, Ranunculiflorae, Violiflorae, Primuliflorae, Santaliflorae, Araliiflorae,
Asteriflorae, Corniflorae, Gentianiflorae, and Lamiiflorae) and monocots (i.e.,
the Ariflorae and Commeliniflorae), respectively. As for the gymnosperms,
there are some apparent structural progressions within the different
superorders that may be of immense predictive value for classification
purposes.

Briefly, the angiosperm lignans can tentatively be broken down into
three major categories. These are: (1) lignan skeleta apparently derived from
pinoresinol 20 (i.e., containing oxygenated functionalities of some type at
Co/Cg), (2) lignan skeleta possessing methyl or methylenic groups at Co/Cy-,
and which are apparently allyl or propenyl phenol derived; and (3) an
assortment of aryl cyclobutane dimers, principally found in the
monocotyledons.

Of these, the most widely encountered mode of coupling is that
affording the 8,8'-linked lignans, which contain oxygenated functionalties at
Co/Cgq [ Table 1, taken from Refs. (7, 41, 42)]. These are assumed to be
pinoresinol 20 derived based upon biosynthetic findings from this laboratory
[reviewed in (1)]. As for the gymnosperms, the presence of particular
structural groupings seems closely correlated with specific superorders, e.g.,
the oxydiarylbutanes in the Asterales (Asteriflorae) and the Euphorbiales
(Myrtiflorae) (1, 7), and the Co/Cg’ oxygenated dibenzylcyclooctadienes in
the Araliaceae (Araliiflorae) (43). It should, therefore, be evident that rapid,
sensitive assaying for such metabolites (or key branching enzymes and/or
corresponding mRNA/DNA therefrom) may be extremely useful for systematic
classification.

There are also a relatively large number of lignans possessing structures
which seem to be derived from eugenol 40 or isoeugenol 41. [This assertion is
made since a number of organisms accumulate the corresponding monomers
(e.g., Ocotea cymbarum, Lauraceae (44)), indicating that at least in these
species the biochemical "machinery" to afford the allyl/propenyl side chains is
operative without the need for coupling]. Such lignans are found in the
Magnoliiflorae, Lamiiflorae, Myrtiflorae, and Rutiflorae, respectively, and are
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further distinguished by substantial modifications in the modes of coupling
encountered, e.g., gomisin A 42, an 8,8'; 2,2'-linked dibenzylcyclooctadiene
lignan from Schizandra chinensis (Magnoliiflorae) (45), with related
structures found in the Verbenaceae (Lamiiflorae) (see ref. (1)). Other
modified 8,8' coupling modes are revealed by (+)-aristolignin 43 from
Aristolochia chilensis (46), the 8,8'; 2,7'; 8:8'-7’ linked lignans 44 and 45 from
Virola sebifera, and its seco-analog 46 (47, 48), and carpanone 47 from
Cinnamomum species (49). Other distinctive coupling modes include those
displayed by megaphone 48 (8,1’) from Aniba megaphylla (50), mirandin A
49 (8,3’) from Nectandra miranda (49), surinamensin 50 and virolin 51
(8-0-4’) from Virola surinamensis (51), dehydrodieugenol 52 (5,5’) from
Litsea turfosa (52), isomagnolol 53 (3-0-4’) from Sassafras randaiense (53),
lancilin 54 (2-0-3’) from Aniba lancifolia (54, 55), chrysophyllon IA 55 (7,1°)
from Licaria chrysophylla (56), isoasatone 56 (1,5°) from Asarum taitonense
(49), conocarpin 57 from Conocarpus erectus (57), and ratanhiaphenol I 58
(8,5’) from Krameria cystisoides (58). It is proposed that these different
metabolites are derived via distinct enzymatic coupling modes. If correct,
assaying for such enzymes should provide a rapid mechanism for classifying
the corresponding plant types.

Representation of lignans in the monocotyledons is apparently quite
restricted, with essentially all reported to date being cyclobutane and 5,5' or
3,3"-linked dimers. Examples of the former include acoradin 59 from Acorus
calamus (Ariflorae) (59) and various dihydroxy truxillic 60 and truxinic 61
acids present in the Poaceae (Commeliniflorae) (60, 61). [Similar cyclobutane
dimers have been reported in the quite closely related Magnoliiflorae (dicots)
(62-64) suggesting some evolutionary “overlap”.] The more abundant
dihydroxytruxillic and dihydroxytruxinic acids are found in cell wall fractions
of various cereals and grasses, and putatively cross-link adjacent
hemicellulosic chains in primary walls (60, 61). All of these cyclobutane
dimers are considered to be photochemical 2+2 addition adducts rather than
formed by enzymatic catalysis. Interestingly, a series of mixed cyclobutane
dimers between ferulic acid 10 and coniferyl alcohol 13 have also been
detected (60, 61), suggesting that there may be a whole series of
undiscovered lignans in the Commeliniflorae. The only other known lignans
include the 5,5'-linked and 3,3'-linked diferulic and di-p-coumaric acids,
respectively, these purportedly being formed via H2O2-dependent peroxidase
catalysis.

Biosynthesis

Our interest in the biosynthesis of lignans from Amazonian plant species (e.g.,
the Myristicaceae such as in Virola species) stemmed from four
considerations: (1) the growing interest in the physiological and
pharmacological properties of (neo)lignans. For example, various Virola sp.
have useful activities against diseases such as schistosomiasis, leishmaniasis
and other tropical diseases (51, 65); (2) in aiding a facile systematic
classification of rain forest plants, via chemotaxonomic or other markers based
on either specific enzymatic activities or the presence of specific mRNAs, etc.;
(3) several lignans have structures previously noted as substructures of the
lignin polymer, leading to the notion that the formation of each could be
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individually studied; and (4) several species accumulate lignans possessing
oxygenated and methyl/methylene functionalities at Co/Cg’.

Additionally, Virola sp. were a good candidate for studying lignan
biosynthesis since various structural forms are present, such as furofurans,
dibenzylbutanes, dibenzylbutyrolactones/lactols, aryltetrahydronaphthalenes,
phenylcoumarins, and 8-O-aryl ethers e.g., (+)-sesamin 31, (+)-asarinin 62,
(-)-kusunokinin 63, (-)-kusunokinol 64 and (-)-dihydrocubebin 65 from
Virola venosa (66), (-)-cubebin 66, (-)-hinokinin 67 and (+)-asarinin 62 from
fruits of Virola carinata (67), and dihydrocarinatidin 68, carinatidin 69 (68)
and dihydrocarinatinol 70 (69) from the corresponding bark as well as
surinamensin 50 and virolin 51 from Virola surinamensis (51) and sesartenin
71 and dihydrosesartemin 72 from Virola elongata bark (70).

At the onset of our studies, the only processes known engendering
phenolic coupling were catalyzed by H2O3-dependent peroxidase(s),
O2-requiring laccases, or phenol oxidases. But such products were racemic,
e.g., the coupling of coniferyl alcohol 13 afforded (+)-pinoresinols 20a/20b,
(£)-dehydrodiconiferyl alcohols 22a/22b, and (%)-guaiacylglycerol-8-O-
coniferyl alcohol ethers 21.

We reasoned that racemic coupling was unlikely to be the general case
in lignan synthesis, since most are found optically pure although the sign of
optical rotation can vary with plant species. There are, however, exceptions
such as syringaresinol 73 which can be found either optically pure or racemic
(71). Moreover, even though the 8,8' linkage prevailed throughout the plant
kingdom, specific plant species were capable of engendering formation and
accumulation of other lignans possessing other coupling modes. This
suggested that perhaps a whole series of stereoselective oxidases and/or
peroxidases awaited discovery.

The plant systems adopted as biological partners were the Amazonian
species, Virola surinamensis and the temperate plant, Forsythia intermedia,
respectively. The latter accumulates the 8,8'-linked, optically pure lignans
(-)-matairesinol 36b and (-)-arctigenin 74, whereas V. surinamensis affords
surinamensin 50. Preliminary studies using either plants or cell-free extracts of
V. surinamensis from ca one- to two-year-old plants and eugenol 40/
isoeugenol 41/[8-14C]coniferyl alcohol 13 as precursors did not result in
formation of either surinamensin 50 or virolin 51 under the conditions
employed.

But the investigations with Forsythia intermedia, which accumulate
lignans similar to those found in Virola venosa (e.g., (+)-sesamin 31 vs.
(+)-pinoresinol 20a) were more successful. First, incubation of cell-free
Forsythia extracts with [8-14C]coniferyl alcohol 13 yielded the desired
lignans, but the products were racemic i.e., (£)-pinoresinols 20a/20b and
(¥)-dehydrodiconiferyl alcohols 22a/22b; these were only formed when
H>07 was added as cofactor (72). However, when these experiments were
repeated, but now using the corresponding Forsythia plant residues (i.e., cell
wall enriched fraction), a different observation was made. In this instance,
[8-14C]coniferyl alcohol 13 was converted into (¥)-pinoresinols 20a/20b as
before, but now with the corresponding (+)-antipode 20a predominating (73).
No exogenous cofactors were needed. Subsequent time-course analyses of
pinoresinol 20 formation revealed that two distinct modes of coupling were
operative. The first was a stereoselective coupling which engendered
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formation of (+)-pinoresinol 20a, whereas the other afforded both
()-pinoresinols 20a/20b (as well as racemic (+)-dehydrodiconiferyl alcohols
22a/22bh).

Both enzymes have since been dissolved out of Forsythia stem
residues; the non-stereoselective O;-requiring enzyme has been purified to
apparent homogeneity using a combination of ionic, affinity and gel filtration
chromatographic separations. The resulting purified enzyme (Mw ~ 100,000)
“is tentatively” a Cu-containing laccase, whereas the other O2-requiring
enzyme catalyzed conversion of E-coniferyl alcohol 13 into (+)-pinoresinol
20a (74). This latter enzyme is the first example of stereoselective coupling of
plant phenols, and we tentatively propose that it represents the entry point
into the various lignan skeleta containing oxygenated functionalities at
Co/Co’. This enzyme, trivially described as (+)-pinoresinol synthase, has been
partially purified with some of its properties described elsewhere (74). Its
proposed mode of action is shown in Figure 3, where the two bound oxidized
forms derived from E-coniferyl alcohol 13 approach each other from their si-si
faces, with intramolecular ring closure affording the product, (+)-pinoresinol
20a as shown. No other evidence for any other stereoselective conversion of
any other precursor was obtained.

Given the discovery of the long sought after, novel, stereoselective
coupling enzyme, attention was next given to formation of the
dibenzylbutyrolactones, (-)-matairesinol 36b and (-)-arctigenin 74. Returning
to the F. intermedia cell-free extracts, we next discovered that
(+)-[8,8-14C]pinoresinol 20a was converted, in the presence of NADPH, into
two new metabolites, subsequently shown to be (+)-[8,8'-14C]lariciresinol 75a
and (-)-[8,8-14C]secoisolariciresinol 76b, respectively (75, 76). [The
corresponding (-)-[8,8'-14C]pinoresinol 20b did not serve as substrate for
formation of either (£)-lariciresinols 75a/75b or (%)-secoisolariciresinols
76a/76b.] Confirmation of this highly unusual benzylic ether reduction,
which to our knowledge is the first report in plants of such a conversion, was
obtained using (+)-[9,9'-2H3, OC2H3]pinoresinol 20a as substrate, and
isolating and identifying the corresponding (+)-[9,9’-2H2, OC2H3]lariciresinol
75a and (-)-[9,9’-2H>, OC2H3]secoisolariciresinol 76b, respectively (77).

The pinoresinol/lariciresinol reductase(s) has since been purified to
homogeneity via a combination of affinity, hydrophobic and gel filtration
chromatographies (Dinkova et al., in press). The enzyme has a M.W. ~
40,000, and only utilizes the pro-R hydride of NADPH, i.e., it is a type A
reductase (78).

The next conversion to be demonstrated was the stereo- and
enantiospecific dehydrogenation of (-)-secoisolariciresinol 76b into
(-)-matairesinol 36b, in a conversion requiring NADP as cofactor (79, 80); the
final step leading to (-)-arctigenin 74 involves regiospecific methylation (81).

Taken together, the results reveal that E-coniferyl alcohol 13
undergoes novel stereoselective coupling to give the furofuran lignan,
(+)-pinoresinol 20a, followed by sequential reduction to yield the
corresponding furano derivative, (+)-lariciresinol 75a and the
dibenzylbutanol, (-)-secoisolariciresinol 76b, respectively. Subsequent
dehydrogenation affords the corresponding dibenzylbutyrolactone,
(-)-matairesinol 36b (Figure 4). It can, therefore, be proposed that formation of
(+)-pinoresinol 20a serves as an entry point into the various lignan skeleta. In
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the case of the Amazonian Virola species, a possible biosynthetic route is
shown in Figure 4. Most importantly, these findings, now, allow us to begin
to systematically classify plants based both on their mode of stereospecific
coupling, and the presence/absence of various other modifications leading to
formation of the various skeleta observed. This should be of immense value in
the future for systematic classification of Amazonian species.

Biological Activities

The lignans are becoming increasingly important for their physiological and
pharmaceutical properties.

Physiological Properties in Plants. From a physiological perspective,
various roles have been demonstrated. For example, fungicidal and
bactericidal properties have been reported for magnolol 77, isolated from
Sassafras randaiense (53) and Magnolia virginiana (19), respectively;
dehydrodiisoeugenol 78 and 5'-methoxydehydrodiisoeugenol 79, from
Myristica fragrans (20) and obovatol 80 and obovatal 81, from Magnolia
obovata (82), inhibit the growth of Streptococcus mutans.

Haedoxan A 82, isolated from the herbaceous perennial plant Phryma
leptostachya exhibits insecticidal activity (83), whereas, the lignans, sesamin
31 and asarinin 62 show synergistic properties with pyrethrum insecticides
(84, 85). (+)-Epimagnolin A 83, from the flower buds of Magnolia fargesii,
exhibits growth inhibitory activity against the larvae of Drosophila
melanogaster (86).

Nordihydroguaiaretic acid 84, from the creosote bush (Larrea
tridentata) reduces the growth of the seedling roots of grasses (e.g., barnyard,
green foxtail and perennial rye grasses) (87), whereas, the lignan 85 from
Aegilops ovata, inhibits germination of Lactuca sativa achenes, in white light;
it is, however, inactive in the dark (16, 88).

Finally, the 8,5’-linked lignan dehydrodiconiferyl alcohol glucoside 86
has cytokinin-like properties: It induces plant cell division and can replace
cytokinin in pith and callus cell cultures of tobacco (Nicotiana tabacum) (14,
15, 89).

Medicinal Properties. In terms of medicinal properties, plants
containing lignans have been used as folk medicines by many different
cultures. For instance, both the North American Indians and the Native of the
Himalayas have utilized, for about 400-600 years, alcoholic extracts of
Podophyllum rhizomes (rich in the lignan podophyllotoxin 87) as a cathartic
and a poison (90).

Podophyllotoxin 87, isolated from Podophyllum species shows
antitumor properties; it inhibits microtubule assembly, in vivo, the result of
which is the destruction of the cytoskeleton in the cytoplasm. As a
consequence, the cell division is stopped at the mitotic stage of the cell cycle
(3). Semi-synthetic derivatives of podophyllotoxin, i.e., Etoposide 88 and
Teniposide 89 have been developed. They do not possess the toxicity of
podophyllotoxin 87 and are now being used (alone or in conjunction with
other drugs) in treatment for germinal testicular cancer, small cell lung cancer,
and certain form of leukemia (3). They have been shown to induce, both, in

In Chemistry of the Amazon; Seidl, P., et al.;
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13: E-Coniferyl alcohol

20a: (+)-Pinoresinol

OCH,3

Figure 3. Proposed mechanism of (+)-pinoresinol 20a formation in
Forsythia sp. from E-coniferyl alcohol 13. [Adapted from Ref. (74)]

Z
H
13: E-Coniferyl 20a: (+)-Pinoresinol 75a: (+)-Lariciresinol 76b: (-)-Secoisolariciresinol 36b: (-)-Matairesinol
alcohol
CH,
CH;
H 3]
)it 'H
e
31: (+)-Sesamin 72: Dihydrosesartemin 65: (-)-Dihydrocubebin 63: (-)-Kusunokinin

Figure 4. Proposed biosynthetic pathway to various Virola sp.
lignans.
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vivo and in vitro, single and double-stranded DNA breaks through
interaction with topoisomerase II (91).

Other lignans with known antitumor properties are (+)-wikstromol 90
isolated from Wikstroemia foetida var. oahuensis Gray (Thymelaeaceae) (92)
and (-)-burseran 91 from Bursera microphylla (Burseraceae) (93).
(-)-Steganacin 92 and (-)-steganangin 93, isolated from Steganotaenia
araliacea stem bark and wood, exhibit antileukemic activity in the in vivo
murine P-388 lymphocytic leukemia test system (43).

Antiviral properties have also been described i.e., (-)-arctigenin 74 and
(-)-trachelogenin 94, isolated from the tropical climbing shrub Ipomoea
cairica (Convolvulaceae) (94) and the lignans 95 and 96, from Anogeissus
acuminata var. lanceolata (Combretaceae) (95) exhibit strong anti-HIV
properties, in vitro: they inhibit the HIV-1 reverse transcriptase.

Kadsurenone 97 isolated from Piper futokadsura (Piperaceae) is a
platelet-activating factor (a potent mediator of inflammation and asthma)
antagonist (96). Antagonism with the platelet-activating factor has also been
observed with nectandrin A 98 and B 99, isolated from the Brazilian
Nectandra rigida (97), and fargesin 100 and dimethylpinoresinol 101 from
Magnolia biondii (98).

The lignans (+)-pinoresinol 20a and (-)-matairesinol 36b, isolated from
Forsythia species inhibit cAMP phosphodiesterase which catalyses the
breakdown of the second messenger, cAMP, inside the cells (99). Cis-
hinokiresinol 102 and oxy-cis-hinokiresinol 103 from Anemarrhena
asphodeloides (100), and (+)-syringaresinol-di-O-B-D-glucopyranoside 104
and (+)-hydroxypinoresinol 4'4"-di-O-B-D-glucopyranoside 105 from
Eucommia ulmoides (Eucommiaceae) bark (101) are also inhibitors of this
phosphodiesterase.

Additional pharmacological effects include the antidepressant activity
of prostalidins A, B and C 106-108, from Justicia prostata (Acanthaceae), a
plant native to the Western Himalayas (102). Magnoshinin 109, isolated from
Magnolia salicifolia buds, shows anti-inflammatory effect comparable to
hydrocortisone acetate (103). Gomisin A 42 (104, 105), isolated from
Schizandra fruits, has been shown to improve liver injuries caused by
hepatotoxic chemicals (e.g., CClg) and other biphenyl lignans, such as
schizandrin 110 and isoschizandrin 111, exhibit inhibitory effects on stress
induced gastric-ulceration (106).

The cardiovascular effects of lignans are also worthy of mention. It has
been known for some time that certain plants, such as Siberian ginseng
(Acanthopomax senticosus), have an ability to sustain cardiovascular activity
during prolonged exercise (see Ref. (107)), and this effect was recently
attributed to (+)-syringaresinol di-O-B-D-glucoside 104 (108).

Lastly, about 15 years ago, lignans have also been isolated from human
and animals, i.e., they have been found in serum, urine and seminal fluids (109-
111). Enterolactone 112 and enterodiol 113 are the major mammalian lignans;
it is believed they are derived from the metabolic action of bacterial flora on
matairesinol 36 and secoisolariciresinol 76, respectively (112). They are
excreted in large amounts in urine by persons having a diet rich in berries,
grain, seeds, vegetables and whole grain products (e.g., rye products) (113).
They are thought to be a significant factor in reducing prostate and breast
cancer risks by modulating the synthesis of sex hormones (113).
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Concluding Remarks

Lignans are a widespread class of phenylpropanoid metabolites, which
according to our definition, can be linked via a large number of different
coupling modes (e.g., 8,8'; 8,5'; etc.).

They are becoming an increasingly important class of compounds, for
their physiological and pharmacological properties which are only now
emerging. Based on existing chemotaxonomic data, various organisms
ranging from algae, fungi, mosses, pteridophytes, gymnosperms and
angiosperms (monocotyledons and dicotyledons) can be readily distinguished
by differences in the degree/extent of phenylpropanoid metabolism. But
there appears to be a significant progression in the (bio)chemical complexity
of the lignans in the different superorders of the pteridophytes, gymnosperms
and angiosperms, i.e., in terms of degree of oxidative substitution, structural
variant, potential monomeric precursor, etc.. It is proposed that these
differences (i.e., in terms of rapidly assaying for specific enzymes or genes
encoding these enzymes) will be of considerable importance in cataloging the
biodiversity of plant life, particularly these in the Amazonian rain forest which
contains so many distinctive structural types.
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Appendix

OCH,4 ) . OCH;3
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HO.
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OH
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Chapter 14

The Chemistry of Amazonian Myristicaceae

Developmental, Ecological, and Pharmacological Aspects

Massuo J. Kato

Instituto de Quimica, Universidade de Sao Paulo, Caixa Postal 01498,
20718—-970 Sao Paulo, SP, Brazil

Earlier phytochemical investigations on Amazonian Myristicaceae
species were carried out based on ethnopharmacological reports
among Indians. A remarkable variation in compositions on
reproductive tissue such as flowers, different parts of the fruits and
seedlings have been observed in Virola species. Different lignans
and neolignans occur in high concentration in pericarps, arils, seed
coats and seeds. Consideration of the different allelopathic activity
of the respective extracts suggests some of the possible ecological
roles. Other dynamic aspects include displacement of flavones by
lignans during the ripening process and variability of chemical
profiles on seedlings. Work of such aspects of reproductive phases
reveals a still unexploited source of new bioactive molecules from
tropical species.

Species of the Myristicaceae family are widely distributed in the Amazon region,
occurring in "terra firme" and inundated forests. Popularly known as "virola" their
wood has been extensively exploited in carpentry and cellulose manufacture (J).
The Indian name "ucutiba" means fat producing tree, suggesting one of the most
important features provided by their seeds.

Ethnopharmacological investigations during the sixties among Indian tribes
from northwest of Amazon indicated that several Virola species are included in
their culture (2, 3). They prepare hallucinogenic snuffs and arrow poison from
resins and in addition, use several products prepared from leaves, seeds, and resins
to treat many diseases (4). These aspects triggered a series of phytochemical
reports on Miyristicaceae describing a number of compounds linked to the
phenylpropanoid pathway. Nevertheless, few correlations between presence of
secondary compounds and different pharmacological activities have been achieved

.
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The main objective of this chapter is to highlight new aspects on chemical
composition of Myristicaceae species jointly with recent data on plant development
and ecology.

Plant Development and Ecology

Fruit chemistry. Most of the knowledge available on chemical composition of
tropical plants results from investigations on economically or medicinally important
species, generally carried out on adult specimens (5, 6). In the case of
Myristicaceae, the earlier phytochemical examinations were addressed to species
involved in ethnopharmacological uses (4, 7, 8). In addition to tryptamine and -
carboline alkaloids, isolated from resins as active principles of hallucinogenic snuffs
and arrow poisons (2, 9, 10), other classes of secondary metabolites, isolated from
several parts of the Myristicaceae species, include diarylpropanoids (/1/-13),
stilbenes (8, 14), lignans, neolignans (/4-25), arylalkanones (25, 26), tocotrienols
(27), and y-lactones (28).

Myristicaceae trees reach their adult stage in approximately 10 years, then
starting to produce fruits normally during the rainy season. The red arils are
ingested by birds, thus effecting seed dispersal. The limited number of predators is
supposedly due to the presence of toxins (29).

A summary of the phytochemical investigations on fruits of some
Mpyristicaceae species that have been described in the last couple of decades is
represented in Figure 1. The widely distributed furofuran (2.1) and
dibenzylbutyrolactone (7.1) lignans accumulate in the three groups of Virola
species. In groups A and B these types occur in whole fruit (30, 37). In group C
they occur only in pericarps and arils but not in kernels in which the pathways
producing aryltetralins (4.1, 4.2) and aryltetralones (5.1-5.6) and other related
compounds are dominant (/8-21, 25). It is assumed that chemical homogeneity and
simplicity in several parts of fruits, as observed in species in groups A and B,
represents the primitive pattern. On the other hand, differentiation in fruit tissue, as
observed in group C, should represent an advanced character. An outstanding
point is the occurrence of trioxygenated aromatic rings observed in the
dibenzylbutirolactone (6), lariciresinol (2.2) and secoisolariciresinol (2.3) types,
and also in aryltetralone (5.3, R=OH) neolignans and arylalkanones (8.2, 9.3,
R=0H, OMe) from the seed coat of V. elongata (25) in contrast to analogous
compounds isolated from other tissues or species.

The seed coat of this species exhibits the highest chemical diversity, including
lignans of the magnostelin type (3). The aryltetralone lignans bearing
methylenedioxyphenyl groups (5.2, 5.3) are the major constituents in the seeds of
species belonging to group C, where they occur in higher concentrations than in
the bark (23, 24). Finally arylalkanones (8.2, 9.2, 9.3) have been isolated from all
parts of fruits. Considering the diversity of structures in several fruit parts and also
the higher oxidation pattern of the lignoids accumulating in several species, the
evolutionary sequence indicated in Figure 1 is suggested. This scheme is consistent
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with the accumulation of aryltetralins in the seed of Osteophloeum platyspermum
(32), the most advanced genus in the family (33). V. pavonis accumulates, in
addition to furofuran, dibenzylbutyrolactone, and dibenzyl-butyrolactol lignans,
benzodioxane type neolignans in pericarps and kernels (30).

The examination of V. venosa during the development process revealed the
occurrence of flavones (1.1-1.3) in flowers and in unripe fruits development,
followed by substituted later in by lignans, especially dibenzylbutyrolactones (7.1)
and dibenzylbutyrolactols (7.2) (31).

All the data obtained so far on the chemistry of Myristicaceae fruits support
the prediction that the larger the seeds the higher their content of secondary
metabolites (34). While this is certainly true for the family as a whole, no such
positive correlation between the size of seeds and metabolic content was observed
comparing O. platyspermum and Virola or Iryanthera seeds by TLC analysis and
'H-NMR spectra. Several arguments support a defensive role for metabolites
isolated from different part of the fruits (35, 36). It has been argued that the
presence of methylenedioxy functionalities in neolignans causes toxicity of the
seeds of Ocotea veraguensis against the spiny pocket mouse (37). Indeed,
compounds containing the methylenedioxyphenyl group are in commercial use due
to their powerful synergistic action on pyrethrins (38). It has been claimed that
seeds of V. surinamensis contain an extraordinarily high concentration of soluble
tannins, probably with a defensive function (39). Yet speculatively, secondary
compounds in seeds are considered to be antifeedants (40, 41); synergists (38, 42,
43); insecticides (44); fungicides (45); phytoalexins (46-51); stress compounds
(52); microbicides and fungicides (53). All these informations are suggestive of the
biological importance of lignoids in fruits of Myristicaceae species, but requires
further work on the reproductive tissue as a target of phytochemical and biological
investigations.

Seed dispersal and allelopathy. Ecological investigations on the dispersal
systems of Virola surinamensis have revealed additionally a strong dependence of
seed germination on removal of aril by birds or by handling (29, 39). The present
work confirmed the inhibitory effects of seed germination by the presence of aril of
two Virola species and also revealed the allelopathic effects on lettuce seeds
(Lactuca sativa var-grand rapids) by crude extracts of pericarps, arils and seeds of
eight Myristicaceae species belonging to three genera. The fruits of the following
Miyristicaceae species were collected during April to August (1989): Iryanthera
lancifolia, 1. paraensis, Osteophloeum platyspermun, Virola theiodora and V.
venosa (Manaus, AM); V. surinamensis and V. michelli (Belém, PA), V. oleifera
("Mata Atlantica", SP), V. sebifera (Araraquara, SP). The fruits were separated in
pericarps, arils, seed coats and kemels, dried, milled and extracted with
dichloromethane. Parts of fruits of V. venosa were sequentially extracted with
methanol. The allelopathic assay was based on effect on lettuce seeds exactly as
described (54). In case of O. platyspermum leachings from fifteen seeds soaked in
50 ml of distilled water during 4 h were used. For I lancifolia only pericarp
provided enough material to be evaluated. The results of the assay for all extracts,
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including methanolic extracts from V. venosa, and extracts from whole fruits in
early stage of development (WF) are represented in Figure 2.

I lancifolia
1. paraensis
O. platyspermun
V. michelli B oesi
carps
V. sebifera D P
V. surinamensis I — W arils
V. theiodora
V. venosa ] [ seeds
V. venosa (WF)
V. venosa (MeOH)
0O 10 20 30 40 50 60 70 80 90 100
% Germ.

Figure 2: Effect of crude extracts of different part of fruits of Myristicaceae species
on lettuce seed germination.

As a general trend higher inhibitory effects were observed for extracts of
pericarps and arils than of kernels. Opposite results were obtained with methanolic
extracts from V. venosa, indicating that apolar compounds inhibit the lettuce seed
germinations more effectively. Additionaly, a strong allelopathic effect was
observed in the soil underneath Virola trees against lettuce seeds (55). However,
considering the absence of detailed chemical investigations on soil samples, it is
difficult to ascertain whether the net effect was due to constituents of pericarps
accumulated in the soil. The evidence for allelopathic effect of lignans is only
circunstantial considering cases in which inhibitory effects have been detected (56-
58). These aspects of tropical biology need further investigation in order to
confirm the presence of allelopathic compounds in fruits of Myristicaceae and
other tropical families.
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Seed germinations. The germination behavior of Myristicaceae species was
evaluated on seeds of V. venosa, V. sebifera and O. platyspermum (Figure 3). It
was observed that O. platyspermum seeds showed the lowest percent of
germination, unchanged after scarification procedures. The seeds of the Amazonian
species, V. venosa, showed a proportion of germination near 76%, with initial
emergence of radicle occurring after the first week. Germination experiments with
V. sebifera seeds were carried out under several conditions: with and without arils,
and with different levels of dehydrations (Figure 4). A period of dormancy or
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quiescency of about five weeks was observed. The presence of arils inhibited
almost totally the germination of V. sebifera seeds, similarly to V. surinamensis in
which no germination took place at all in the same condition (39). The dehydration
treatment caused not only a faster rate in the germination process but also
increased the proportion of germinations. This aspect can be associated with the
small size and high seed productivity (59). The abnormal richness of viable seeds in
young plants (Kato, M. J., Universidade de Sdo Paulo, unpublished data) may
explain the wide occurrence of V. sebifera in South America.

80 +
70 1

% Germ
£

0 A VL UL i v e
01 2 3 45 6 7 8 9 10111213 141516
Weeks

Figure 3. Germinations of Some Myristicaceae Seeds.

Seedlings. The ecology of seeds and seedlings in tropical forests has gained
importance in the understanding of forest structure, and in the management and
conservation of biodiversity (60-62).

The processes of seed dispersal, germination and seedling establishment are
crucial to plant reproduction and depend on secondary metabolites. It has been
assumed that the higher content of secondary metabolites in large seeds can protect
also the seedlings through translocations (34). In case of V. surinamensis seedling
survival depends on the distance from the parent tree (63). The seedling predations
become lower as distance from the parent tree increases. The adaptation of some
weevils causes disproportionate seed and seedling mortality under fruiting trees.

A detailed chemical investigation carried out on each part of V. venosa
seedlings (3/) showed that two main lignans, (-)-cubebin and (-)-
dihydrokusunokinin (7.2), accumulated in mature seeds were not detected in any
part of seedlings. On the other hand, the seedling leaves accumulate flavones (1.1-
1.3) in higher concentrations than those detected in flowers, unripe pericarps or in
the leaves from adult plants. The arylalkanone (8.1) is the only compound that
apparently has been translocated to the whole seedling, but there is no conclusive
evidence favoring de novo synthesis or translocation. The lignan (+)-sesamin,
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Figure 4: Germinations of Virola sebifera seeds under several treatments
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isolated as minor compound from the seeds, was detected as the major compound
in the roots. As the chemical ecology of this interaction remains unknown it is
interesting to note that similar polyketides (8.1, 9.1), isolated from V. elongata and
V. venosa seeds, were described to have kairomonal activity in an insect parasite
(64).

A totallly different chemical composition of adult leaves and seedlings has
been observed in V. surinamensis. While several neolignans have been isolated
from the adult leaves (65), y-lactones were detected as the main metabolites in
leaves of germinated seedlings or in micropropagated ones (66). Phytochemical
investigations on seedlings of some species so far revealed a profile totally different
from adult plants with a variety of metabolic events occurring during the
reproductive phases. At least in case of Virola systems it seems that the
translocation (or de novo synthesis) is very specific and may include other
physiological purposes in addition to defense.

Pharmacological. The ethnopharmacological investigations on hallucinogenic
snuffs and arrow poisons from Myristicaceae species have also resulted in the
description of lignans as monoamino-oxidase inhibitors (67) and as the reducer of
induced agression when administered to mice (7). Lignans and neolignans
represent the most promissing classes of secondary compounds described from
Myristicaceae, considering the variety of different biological activities exhibited
(68-70). They have been mentioned as anti-PAF (7], 72), antimicrobial (73) and
antioxidant agents (74, 75). Podophyllotoxin, a well known bioactive lignan, was
isolated as the main active principle of Podophyllum peltatum L. and P. emodi
Wallich. Its ethylidene (etoposide) and thenylidene (teniposide) derivatives were
developed as anticancer drugs and are still clinically in use (76).

The possibilities to interconvert some classes of lignans have been exploited in
the cases of dibenzylbutyrolactones yielding dibenzocyclootadiene lignans (77) or
in case of (-)-dihydrocubebin convertible to different lignans (78). Interesting
possibilities to obtain furofuran lignans with highly oxygenated aromatic rings were
demonstrated in the regioselective demethylation at 4-positions followed by
additional hydroxylations at 5-positions by Aspergillus niger (79).

The antioxidant activity, described for lignans such as otobain bearing
methylenedioxy groups (80), have been exploited in detail only recently. Shimizu et
al. (81, 82) have shown inhibition of A5-desaturase by sesamin and similar lignans
in microbes and in rat liver microsomes. The antioxidative activity of schizandrin
type lignans in aged and ischemic rat brain is due to methylenedioxy and phenolic
functionalities (83). Ortho-methoxy-phenol systems in lignans proved to be
effective as chain-breaking antioxidants (84). The inhibition of microsomal lipid
peroxidation by podophyllotoxin derivative VP-16, also requires the presence of a
free OH at 4'-position (85). It also has been demonstrated that sesamin inhibits
cholesterol synthesis and absorption in rats (86) and that such compounds act as
synergists of y-tocopherol to produce vitamin E activity in rats (87).
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Many lignans and neolignans isolated from Myristicaceae fruits contain the
methylenedioxy group, essential in inseticide synergism, antioxidant and
antitumoral activities.

Conclusions

The potential of higher plants as sources for new drugs is still largely unexplored.
Only a small percentage has been investigated phytochemically and the fraction
submitted to biological screening is even smaller. The ethnopharmacological report
on indigenous uses of Myristicaceae species probably represents one of the last
discoveries from primitive cultures considering their fast aculturation process.
Indeed as it seems that only a minute percentage has been selected for medicinal
uses and almost all plant species in tropical regions remain untouched by
researchers (88), the modern society cannot depend only on ethnopharmacological
approaches to supply the demand for new lead compounds.

The investigation of dynamic aspects of sécondary metabolism at reproductive
phases in Myristicaceae and other tropical families is important to establish a
rational approach in the search for biologically active compounds and also to help
understanding biodiversity in the tropics.
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