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Many higher plants accumulate ex-
tractable organic substances in quanti-
ties sufficient to be economically useful
as chemical feedstocks or raw materials
for various scientific, technological, and
commercial applications. Natural sub-
stances are employed, either directly or
indirectly, by a large number of indus-
tries, and natural plant products (phyto-
chemicals) figure prominently in several

additives and include products such as
vegetable oils, fatty acids (used for mak-
ing soaps and detergents), and carbohy-
drates (for example, sucrose, starch,
pectin, and cellulose). Such materials are
generally valued at less than $1 to $2 per
pound ($2.20 to $4.40 per kilogram) and
are readily available in large quantities in
the marketplace. However, there are ex-
ceptions to this rule. For example, myo-

Summary. Many higher plants produce economically important organic compounds
such as oils, resins, tannins, natural rubber, gums, waxes, dyes, flavors and
fragrances, pharmaceuticals, and pesticides. However, most species of higher plants
have never been described, much less surveyed for chemical or biologically active
constituents, and new sources of commercially valuable materials remain to be
discovered. Advances in biotechnology, particularly methods for culturing plant cells
and tissues, should provide new means for the commercial processing of even rare
plants and the chemicals they produce. These new technologies will extend and
enhance the usefulness of plants as renewable resources of valuable chemicals. In
the future, biologically active plant-derived chemicals can be expected to play an
increasingly significant role in the commercial development of new products for
regulating plant growth and for insect and weed control.

of these (I-3). Economically important
plants serve as sources of industrial oils,
resins, tannins, saponins, natural rubber,
gums, waxes, dyes, pharmaceuticals,
and many specialty products (I, 2) (Fig.
1).

For the sake of convenience, plant
chemicals are often classified as either
primary or secondary metabolites (4, 5)
(proteins and nucleic acids are generally
excluded from this classification). Pri-
mary metabolites are substances widely
distributed in nature, occurring in one
form or another in virtually all orga-
nisms. In higher plants such compounds
are often concentrated in seeds and veg-
etative storage organs and are needed for
physiological development because of
their role in basic cell metabolism. As a
general rule, primary metabolites ob-
tained from higher plants for commercial
use are high volume-low value bulk
chemicals. They are mainly used as in-
dustrial raw materials, foods, or food
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inositol and B-carotene are expensive
primary metabolites because their ex-
traction, isolation, and purification are
difficult.

Secondary metabolites are compounds
biosynthetically derived from primary
metabolites but more limited in distribu-
tion in the plant kingdom, being restrict-
ed to a particular taxonomic group (spe-
cies, genus, family, or closely related
group of families). Secondary com-
pounds have no apparent function in a
plant’s primary metabolism but often
have an ecological role; they are pollina-
tor attractants, represent chemical adap-
tations to environmental stresses, or
serve as chemical defenses against
microorganisms, insects and higher
predators, and even other plants (allelo-
chemics) (5-13). Secondary metabolites
are frequently accumulated by plants in
smaller quantities than are primary
metabolites. In addition, secondary
metabolites, in contrast to primary

metabolites, tend to be synthesized in
specialized cell types and at distinct de-
velopmental stages, making their extrac-
tion and purification difficult. As a re-
sult, secondary metabolites that are used
commercially as biologically active com-
pounds (pharmaceuticals, flavors, fra-
grances, and pesticides) are generally
higher value-lower volume products
than the primary metabolites. Thus,
compared to primary metabolites (bulk
chemicals), many secondary metabolites
can be considered as specialty materials
or fine chemicals.

Examples of commercially useful
plant secondary metabolites are nico-
tine, the pyrethrins, and rotenone, which
are used in limited quantities as pesti-
cides (10), and certain steroids and alka-
loids, which are used in drug manufac-
turing by the pharmaceutical industry
(). The steroids and alkaloids include
steroidal sapogenins, Digitalis glyco-
sides, the anticancer Catharanthus (for-
merly Vinca) alkaloids, belladonna alka-
loids (for example, atropine, hyoscya-
mine, and scopolamine), cocaine, col-
chicine, opium alkaloids (codeine,
morphine, and papaverine), physostig-
mine, pilocarpine, quinine, quinidine, re-
serpine, and d-tubocurarine (I, 14-19).
Other secondary plant metabolites are
used in limited quantities as pharmaco-
logical tools to study various biochemi-
cal processes. For example, diterpene
esters (among which are phorbol deriva-
tives) from the latices of various species
of Euphorbia (members of the spurge
family) are potent irritants and cocarcin-
ogens and are useful in studies of chemi-
cal carcinogenesis (20).

Compared to the relatively low cost of
primary or bulk metabolites, secondary
plant metabolites are often valued at
several dollars to several thousand dol-
lars per pound. For example, purified
opium alkaloids (codeine and morphine)
are valued in the range of $400 to $600
per pound ($650 to $1250 per kilogram),
while rare volatile (essential) oils such as
rose oil are often valued at over $1000
per pound ($2000 to $3000 per kilogram).
Phorbol esters have a retail value of
about $2000 per gram. The anticancer
Catharanthus alkaloids have a wholesale
value of about $5000 per gram, and their
retail value may be as much as $20,000
per gram (21). Secondary natural prod-
ucts often have highly complex struc-
tures with many chiral centers, which
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may determine biological activity; such
complex compounds cannot be synthe-
sized economically (16, 18, 22). A good
example of a secondary metabolite hav-
ing a high degree of structural complex-
ity is the naturally occurring plant insec-
ticide azadirachtin (Fig. 2) (22).

Economically important primary and
secondary metabolites share several
common characteristics. Most can be
obtained from plant materials by steam
distillation or by extraction with organic
or aqueous solvents, and (excluding the
biopolymers, natural rubber, condensed
tannins, and the high molecular weight
polysaccharides such as gums, pectin,
and starch) they tend to be relatively low
in molecular weight (generally less than
2000).

Few purified plant proteins are used
commercially. Economically important
plant-derived enzymes include papain
and chymopapain [enzymes derived
from papaya (Carica papaya) that are
used medicinally and as meat tenderiz-
ers], bromelain (a protein-digesting and
milk-clotting enzyme from pineapple
juice), and malt extract (a product from
barley that contains amylolytic enzymes)
).

The extraction and use of specialized
plant proteins from plant cells has limit-
ed importance for several reasons. First,
their chemical structure imposes certain
constraints on their use as biologically
active compounds, that is, as drugs and
pesticides. For example, most proteins
cannot be absorbed readily through
mammalian skin or insect exoskeleta,
and most also cannot be administered
orally (except to achieve local effect)
because they are subject to digestive
degradation by proteolytic enzymes. For
reproducible systemic effects to be elicit-
ed, most polypeptides (such as chymo-
papain) must be administered by injec-
tion. Thus, proteins are not made biolog-
ically available as easily as are second-
ary metabolites (protein products),
thereby complicating product formula-
tion and use. For example, certain po-
tentially useful pesticidal proteins may
be rapidly degraded in the field because
of physicochemical instabilities. Second,
the technology for the insertion and
expression in bacteria and yeast of the
genes coding for valuable polypeptides
already exists. This obviates the need to
grow plant cells to obtain protein prod-
ucts since genetically engineered micro-
organisms can be grown efficiently in
culture. However, genetic engineering of
bacteria or yeast to produce the complex
secondary metabolites naturally bio-
synthesized by certain plant species is
more difficult because of the nature of
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secondary metabolite biosynthesis. Pro-
teins are immediate gene products, while
secondary metabolites are usually bio-
synthesized via the joint action of many
gene products (enzymes) (23). Genes re-
sponsible for the biosynthesis of eco-
nomically important secondary metabo-
lites have not yet been isolated (for each
biosynthetic pathway leading to the pro-
duction of a secondary metabolite, many
genes are required); furthermore, micro-
organisms have many enzymes that may
catalyze unwanted side reactions with
the desired metabolite or intermediates
in its biosynthetic pathway. Thus, at
least in the immediate future, plants or
plant cells will probably continue to
serve as the sources for most of these
plant-specific materials.

Secondary Metabolites in Foods,
Beverages, and Pharmaceuticals

Most spices, condiments, teas, and
other beverages such as coffee and cocoa
owe their individual properties (flavors
and aromas) to the pharmacologically
active secondary plant metabolites that
they contain. Although a number of
these active substances (such as vanillin,
ephedrine, and caffeine) are produced by
semi- or total synthesis, high prices are
still paid in some cases for compounds
extracted from their natural sources, es-
pecially if they are intended for use as
food additives or flavoring agents.

Some biologically active secondary
metabolites have found application as
drug entities or as model compounds for

drug syntheses and semisyntheses (I,
14-19, 24). However, it is frequently
forgotten that natural products often
serve as chemical models for the design
and total synthesis of new drug entities
(24, 25). For example, meperidine (Dem-
erol), pentazocine (Talwin), and propox-
yphene (Darvon) are all totally synthetic
analgesic drugs for which opiates such as
morphine and codeine were the models,
while aspirin is a simple derivative of the
naturally occurring salicylic acid orig-
inally derived from willows (Salix spp.).
The commercial value of drug prod-
ucts derived from higher plants should
not be underestimated. For example, in
1980 American consumers paid about $8
billion for prescription drugs derived
solely from higher plants. From 1959 to
1980, drugs derived from higher plants
represented a constant 25 percent of all
new and refilled prescriptions dispensed
from community pharmacies in the Unit-
ed States (this does not take into account
nonprescription drug products or drugs
used exclusively in hospitals) (15-19).
Plants continue to be important
sources of new drugs, as evidenced by
the approvals in the United States in
1983 of two new plant-derived drugs.
Etoposide, a semisynthetic antineoplas-
tic agent derived from the mayapple
(Podophyllum peltatum), is reported to
be useful in the chemotherapeutic treat-
ment of refractory testicular carcinomas,
small cell lung carcinomas, nonlympho-
cytic leukemias, and non-Hodgkin’s
lymphomas (26). Atracurium besylate, a
skeletal muscle relaxant, is another new
plant-based drug approved for use in the
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United States; it is structurally and phar-
macologically related to the curare alka-
loids (26). Important plant-derived drugs
that are still obtained commercially by
extraction from their whole plant
sources are listed in Table 1.

Pesticides, Allelochemicals, and
Plant Growth Regulators

Pesticides. Extracts of plants have
been used as insecticides by humans
since before the time of the ancient Ro-
mans, a practice that continues to the
present with many of the 2000 species of
plants known to have insecticidal prop-
erties (27). The use of ‘‘insecticidal’’
plants is especially prevalent in the de-
veloping countries, where plants grown
locally (which are renewable resources)
. are cheaper for subsistence farmers to
use than are synthetic chemical pesti-
cides (which are petrochemical deriva-
tives). Commercially, however, only a
few of these plants—those containing
pyrethrins, rotenoids, and alkaloids—
have been used to any extent in the
United States as sources of insecticides
(10, 28).

The most economically important of
the natural plant compounds used in
commercial insect control are the pyre-
thrins, a group of six closely related
esters extracted from pyrethrum flow-
ers. Pyrethrum has been used as an
insecticide since at least the early 1800’s
in Persia and Yugoslavia. By 1828 pyre-
thrum was being processed for commer-
cial insect control, and by 1939 imports
of pyrethrum to the United States
reached a peak of 13.5 million pounds.
Use of the natural product declined in
the early 1950’s because of the advent of
synthetic analogs (for example, alle-
thrins), which were both more stable and

more effective in the field. Nevertheless,
when properly formulated with antioxi-
dants or stabilizers (including the natural
plant compounds tannic acid and hydro-
quinone) and synergists (including the
natural plant compounds sesamin and
myristicin), the pyrethrins are still eco-
nomically viable insecticides. In fact, the
demand worldwide for the pyrethrum
flowers remains in excess of 25,000 tons
annually and is satisfied by the estimated
150 million flowers still hand-harvested
daily in Kenya, Tanzania, and Ecuador
29).

Rotenone and the rotenoids have long
been used as insecticides and piscicides.
By the early 1950’s more than 7 million
pounds of Leguminosae roots (Derris,
Lonchocarpus, and Tephrosia spp.) con-
taining these insecticides were imported
annually to the United States. In 1972,
about 1.5 million pounds were used in
the United States for pest control in the
home and garden markets and to control
ectoparasites on animals (30). These
compounds have also been used to con-
trol fish populations. For example, the
Brazilian government used thousands of
tons of the piscicidal root dust containing
rotenoids in the specific removal of pira-
nhas from Brazilian rivers and reservoir
systems (31).

Among the most important of the natu-
ral alkaloids used in insect control have
been nicotine and the related compound
nornicotine. The use of these insecticidal
alkaloids dates back to the 1600’s and
grew to 5 million pounds by the mid-
1900’s. Since then, the annual worldwide
production of nicotine has dropped to
about 1,250,000 pounds of nicotine sul-
fate and 150,000 pounds of nicotine alka-
loid because of the high cost of produc-
tion, disagreeable odor, extreme toxicity
to mammals, and limited insecticidal ac-
tivity (30, 32). The structurally related

compound anabasine (neonicotine) is
currently in commercial use in the Soviet
Union (/0). Other less important insecti-
cidal alkaloids include veratrine [a mix-
ture of alkaloids (cevadine, veratridine,
and sabacilline)] and ryanodine. Physo-
stigmine, another alkaloid that is isolated
from the calabar bean (Physostigma ven-
enosum), served as a model compound
for the development of the carbamate
insecticides (33).

Allelochemicals. Allelochemicals are
substances produced by higher plants
that selectively inhibit the growth of soil
microorganisms or other plants (or
both). These phytotoxic compounds play
a role in chemical warfare between
plants (allelopathic interactions) and in-
clude natural herbicides, phytoalexins
(microbial inhibitors), and inhibitors of
seed germination. Although many allelo-
chemicals are strictly defense sub-
stances, others are offensive compounds
that act directly in weed aggressiveness,
competition, and the regulation of plant
density. Allelopathic agents encompass
a wide array of chemical types, including
volatile terpenoids, phenylpropanoids,
quinones, coumarins, flavonoids, tan-
nins and other phenolics, and cyano-
genic glycosides. Although none of these
compounds is currently used commer-
cially, there are expectations that some
may provide models for new synthetic or
semisynthetic herbicides and antimicro-
bials 6, 11, 13).

Plant growth regulators. The com-
pound brassinolide represents a new
generation of natural plant growth regu-
lators with possible commercial utility in
agriculture (34, 35). A steroidal lactone
originally isolated from the pollen of rape
(Brassica napus), brassinolide, can pro-
mote and accelerate plant growth at low
concentrations (nanograms per plant)
(35). This compound and its semisyn-

Table 1. Some economically important plant-derived drugs obtained commercially from whole plant sources.

Compound or class

Botanical source

Major therapeutic category

Steroids
Hormones (95 percent from diosgenin)

Digitalis glycosides (digitoxin, digoxin)
Alkaloids

Belladonna alkaloids (atropine, hyoscy-
amine, scopolamine)

Opium alkaloids (codeine, morphine)

Reserpine

Catharanthus alkaloids (vincristine,
vinblastine)

Physostigmine

Pilocarpine

Quinidine, quinine

Colchicine

Cocaine

d-Tubocurarine (curare)

Dioscorea spp. (Mexican yams)
Digitalis purpurea, D. lanata (foxglove)
Atropa belladonna, Datura stramonium

Papaver somniferum (opium poppy)
Rauvolfia serpentina

Catharanthus roseus (Madagascar periwinkle)

Physostigma venenosum (Calabar bean)
Pilocarpus spp.

Cinchona spp.

Colchicum autumnale (autumn crocus)
Erythroxylon coca

Strychnos spp., Chondodendron tomentosum

Oral contraceptives, anabolics,
corticosteroids, mineralocorticoids
Cardiotonic glycosides (cardenolides)

Parasympatholytic agents

Analgesics
Antihypertensive, psychotropic agent
Anticancer agents

Parasympathomimetic agent
Parasympathomimetic agent
Antiarrhythmic, antimalarial agent
Antigout agent

Local anesthetic

Skeletal muscle relaxant
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thetic analogs (the brassinosteroids) may
increase plant biomass by promoting
both cell expansion and cell division,
unlike the agriculturally important gib-
berellins, which stimulate cell expansion
(34, 35). In field tests, brassinosteroids
increased crop yields, depending on the
particular crop and environmental condi-
tions (34). Brassinosteroids could be pro-
duced commercially by semisynthesis
from cheaper and more plentiful natural-
ly occurring steroid starting materials in
a manner analogous to the commercial
production of pharmaceutically impor-
tant steroid hormones from plant-de-
rived steroid sapogenins. It has been
estimated that 1 gram of a semisynthetic
brassinosteroid could be produced com-
mercially for $5 to $10. Since these com-
pounds exert their growth-promoting ac-
tivity at low concentrations (1 part per
million in solutions used in field tests),
up to 5 acres could be treated with this
quantity of material.

Prospects for Discovering New
Bioactive Compounds from Plants

It has been estimated that only 5 to 15
percent of the 250,000 to 750,000 existing
species of higher plants has been sur-
veyed for biologically active compounds
(16, 18, 36). Such estimates can be mis-
leading, however, since it is often the
case that investigated plants have been
screened for a single type (or, at best, a
few types) of biological activity (16). The
best example of an extensive but narrow
screening program is the National Can-
cer Institute’s search for antitumor
agents from higher plants (37). Over a 20-
year period (1960 to 1981), some 120,000
plant extracts representing approximate-
ly 35,000 species were tested solely for
cytotoxic or antitumor activity (16, 37).
During the screening, natural com-
pounds useful as new drugs for other
ailments or conditions (for example, an-
algesics, antiarthritics, and antipsychot-
ics) and substances exerting insecticidal
or allelopathic effects were undoubtedly
overlooked. Thus it appears that the
plant kingdom has received little atten-
tion as a resource of potentially useful
bioactive compounds. Since many sec-
ondary metabolites are genus- or spe-
cies-specific, the chances are good to
excellent that many plant constituents
with potentially useful biological proper-
ties remain undiscovered, undeveloped,
and unused.

In spite of the advances in extraction
technology, separation science (chro-
matographic techniques), and analytical
and spectroscopic instrumentation, we
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Fig. 2. Stereostructure of aza-
dirachtin, a naturally occur-
ring insecticide.

still know little about the secondary me-
tabolism of most of the higher plant
species. This is especially true in the
case of tropical floras. Although the
tropics contain most of the world’s plant
species, it has been estimated that more
than half of these are unknown and that
most have never been surveyed for
chemical constituents (38, 39). For ex-
ample, it has been estimated that nothing
is known about the chemistry of more
than 99 percent of the plant species com-
prised by the flora of Brazil (38). This is
alarming in view of the current rate of

extinction of tropical floras, especially -

forests, before their plants have been
adequately cataloged and studied. If the
current trend -of destruction of tropical
forest habitats continues at its present
rate, phytochemists may have only a few
decades remaining in which to survey
the chemical constituents of a large part
of the plant kingdom for potentially use-
ful compounds (39).

The development of new medicinals
from higher plants is costly and time-
consuming because those readily avail-
able plants having pronounced pharma-
cological effects (such as the opium pop-
py, foxglove, and belladonna) have been
known for centuries and have been thor-
oughly investigated (40). However, the
prospects for developing new pesticides
and herbicides from plant sources (alle-
lochemicals) are better because this area
of investigation is newer than the area of
medicinal plant research. Unfortunately,
the current trends in the destruction of
tropical forests will eliminate many sig-
nificant opportunities for research and
development in these areas.

Natural plant chemicals will undoubt-
edly play a significant role in the future
of pest control in both industrialized and
developing countries. Because of the
need for new, safer insecticides, there
have been efforts to exploit the natural
chemical defense mechanisms of plants
(biorational approach and design) (41).
Much of the research has focused on
plant chemicals that specifically affect
processes peculiar to the target pests—
for example, agents that affect insect
feeding behavior (feeding deterrents) and
insect growth regulators, which specifi-
cally disrupt the endocrinological bal-
ance of pest insects.

Many plant chemicals deter insects
from feeding (8, 42). Although none of
these chemicals (antifeedants) have yet
been developed commercially for that
purpose, some have that potential. For
example, azadirachtin (Fig. 2) and other
limonoids in many plant species in the
Meliaceae and the Rutaceae have long
been used with success in insect control,
especially in India (43). A number of
chemical companies are evaluating (and
in some cases developing) plant extracts
containing limonoids for commercial in-
sect control. The complex structures of
the limonoids preclude their economical
chemical synthesis, but their availability
from plant sources may warrant com-
mercialization. For example, azadirach-
tin (Fig. 2) is available in the estimated
14 million Azadirachta indica trees in
India and the countless Melia azedarach
trees worldwide (44). Other antifeedant
limonoids are available as industrial by-
products, including limonin, nomilin,
and obacunone from the citrus industry
and gedunin from the timber industry
45).

Insect growth regulators, including an-
alogs and antagonists of endogenous hor-
mones, have also been identified in
plants. Prominent among these are the
analogs of two insect hormones (molting
hormone and juvenile hormone) and the
antagonist for juvenile hormone. Chemi-
cals structurally similar or identical to
the insect molting hormone have been
found in many plants, especially ferns
and yews. However, the complexity of
the steroid nucleus and the weak insecti-
cidal effect when applied topically or
orally to most insects preclude the com-
mercial development of these plant com-
pounds as insecticides. The only com-
mercial use of the molting hormone ana-
logs has been in the sericultural industry
for the synchronization of cocoon spin-
ning of silkworm colonies (46).

Analogs of the insect juvenile hor-
mones have also been found in plants,
including the juvocimenes in Ocimum
basilicum, juvabione in Abies balsamea,
and farnesol in many plant oils. These
natural plant products have never been
used commercially, but they have served
as model compounds for the develop-
ment of juvenile hormone analogs (for
example, methoprene and kinoprene)
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that are available for the control of mos-
quitoes, flies, fleas, and some stored-
products pests (¢7).

Chromenes have been isolated from
Ageratum houstonianum as juvenile hor-
mone antagonists (48). Thus far, howev-
er, chromenes and their analogs have
been found to be effective on relatively
few species of insects, and their potential
for commercialization may therefore be
limited.

Other plant species that contain sec-
ondary metabolites with potential use as
commercial insecticides include Acorus
calamus, Artemisia tridentata, Heliopsis
longipes, Mammea americana, and Ta-
getes minuta (3, 10).

Cell Suspension Cultures as Alternative
Sources of Plant Natural Products

As the natural habitats for wild plants

disappear and environmental and geopo-
litical instabilities make it difficult to
acquire plant-derived chemicals, it may
become critical to develop alternative
sources for important natural plant prod-
ucts. There has been considerable inter-
est in plant cell cultures as a potential
alternative to traditional agriculture for
the industrial production of secondary
plant metabolites (49, 50). This interest
has given rise to considerable research
in Japan, West Germany, and Canada
@1).
i Cell suspension systems could be used
for the large-scale culturing of plant cells
from which secondary metabolites can
be extracted. The advantage of this
method is that it can ultimately provide a
continuous, reliable source of natural
products. In addition, compounds from
tissue cultures are more easily purified
because of the absence of significant
amounts of pigments, thus reducing pro-
duction costs. The basic technologies for
obtaining high yields of specific second-
ary metabolites from large-scale cultures
are still being developed (21, 51, 52).

In plants, high concentrations of sec-
ondary metabolites tend to accumulate
in specific cell types at specific develop-
mental stages. Thus, it is not surprising
that tissue-cultured cells from these
plants typically accumulate large
amounts of secondary compounds only
under specific conditions of cell culture
(52). Maximizing the production and ac-
cumulation of secondary metabolites by
tissue-cultured cells requires (i) selecting
proper genotypes, (ii) selecting high-
yielding cell clones, and (iii) manipulat-
ing the parameters of the environment
and medium (52, 53). In this way more
than 30 natural products have been syn-
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thesized in cell culture in amounts larger
than those produced in whole plants (54).

Selection of proper genotypes. Cell
cultures derived from individual whole
plants that accumulate large amounts of
a secondary metabolite also tend to ac-
cumulate larger amounts of that metabo-
lite (52, 53, 55, 56). This has been shown
in comparisons of the concentrations of
harmane alkaloid and serotonin in seeds,
seedlings, and callus cultures of Pe-
ganum harmala (56).

Selection of high-yielding cell clones.
Plant cells undergo continuous process
of epigenetic or genetic changes during
culture (53, 57). Therefore, an ongoing
selection for cell clones or lines that are
high producers of the desired chemical
compound may be required (53, 55).
Such a strategy resulted in a 55-fold

increase in a 12B-hydroxylation reaction

in a 20-liter fermenter culture over a 4-
year period (58).

Manipulation of parameters of the
environment and medium. Alterations in
hormones and other media components
affect the rates of both cell growth and
accumulation of secondary metabolites
(52). Great increases in yield have been
obtained in systematic studies that were
based on what is known about the bio-
synthetic pathways, physiology, and lo-
calization of secondary metabolites in
plants (5/-53). In the intact plant, syn-
thesis of metabolites thought to be pro-
tective compounds is induced by fungal
infection. The addition of fungus or com-
pounds produced upon fungal infection
(elicitors) that mediate the synthesis of
secondary metabolites has resulted in
hemigossypol formation by cultures of
Gossypium arboreum cells (59). Cells of
poppy plants (latex cells), which synthe-
size opium alkaloids, have a distinctive
morphology. By selecting for cells with a
similar morphology in culture, opium
alkaloid synthesis was increased (60). In
one of the most comprehensive studies
of the effects of physicochemical factors
on secondary metabolite biosyntheses,
the effects of ultraviolet light, culture
age, and fungal elicitors on the accumu-
lation of flavonoids in parsley cell cul-
tures have been examined with regard to
biosynthetic enzyme activities, enzymol-
ogy, synthesis of messenger RNA, and
the functioning of related biosynthetic
pathways (61).

Partially because of the complexity of
secondary metabolite biosynthesis, the
enzymology, regulation, cellular and
subcellular sites of biosynthesis (as op-
posed to sites of accumulation), and
even the biosynthetic pathways are
poorly understood for many compounds.
It may well be that elucidation of the

physiological and biochemical factors
governing secondary metabolite biosyn-
thesis and degradation will contribute to
our ability to increase amounts of sec-
ondary products in cultured plant cells.
For example, acetyl-CoA (coenzyme A)
carboxylase catalyzes the formation of
malonyl-CoA, an intermediate required
for the biosynthesis of many natural
products (Fig. 1). Studies indicate that
acetyl-CoA carboxylase is compartmen-
talized at the cellular and subcellular
levels, that it may have tissue-specific
isozymal forms, and, in at least one
instance, that its activity increases as
flavonoid biosynthesis is induced (61,
62). However, despite its central role in
many biosynthetic pathways, little more
is known about the role of acetyl-CoA
carboxylase in regulating the biosynthe-
sis of secondary metabolites. In another
example, although high rates of degrada-
tion and turnover of many secondary
metabolites have been shown in plants,
the implications of turnover in attaining
high rates of secondary metabolite pro-
duction in cultured cells have been only
rarely examined (63).

Facilities for the large-scale produc-
tion of secondary metabolites from plant
cells have been developed, but further
research is needed to improve their eco-
nomic efficiency. Briefly, production
methods include (i) fermentation vats
similar to those used for the commercial
culturing of microorganisms but with
gentler mixing procedures to avoid dis-
ruption of plant cells and (ii) immobilized
continuous cultures (51, 52). The former
method offers the advantage that batch
cultures can be used to harvest nonex-
creted metabolites. The latter resolves
problems of cell damage during mixing,
enables easy and continuous change of
media and harvest of (excreted) second-
ary metabolites, and negates the disad-
vantages of the slow growth of plant cells
and their tendency to produce most sec-
ondary products in a differentiated (spe-
cialized) state (52).

An alternative method of secondary
metabolite production is the use of plant
cell culture for the conversion of exoge-
nous precursors to desired metabolites
(biotransformation). An example is the
stereospecific 12B-hydroxylation of ex-
ogenous B-methyldigitoxin to B-methyl-
digoxin by Digitalis lanata cells. By
making appropriate selections of clones
and manipulations to their environment,
the rate of this biotransformation was
increased by 60-fold over several years
(58). Biotransformation has additional
potential as a means of achieving the
biosynthesis of novel compounds by
supplying to the plant cells precursor
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compounds that are not biosynthesized
by the plant itself (51, 53). However, in
the future, simple biotransformation re-
actions may be carried out by immobi-
lized enzymes. Alternatively, biotrans-
formation reactions involving only one
or two genes are potential candidates for
genetic engineering of the relevant genes
into easily cultured microorganisms.
Cost analyses indicate that, by means
of current technology, production of a
secondary metabolite in plant cell cul-
ture is economical for cultures producing
more than 1 gram of compound per liter
of cell culture for compounds with a
value exceeding $500 to $1000 per kilo-
gram (21, 64). The total market for the
compound must be sufficiently large to
warrant the capital expenditures needed
to develop a tissue culture system (21).
In view of such economic constraints,
candidates for commercial production by
plant tissue culture are limited to a few
types of high-value, plant-specific com-
pounds. These include diosgenin-derived
steroid hormone precursors, Digitalis
glycosides, opium alkaloids (codeine and
morphine), the Catharanthus alkaloids,
and, possibly, complex mixtures such as
essential oils (for example, rose oil).
Five to twenty times more Catharanthus
alkaloids (potential anticancer agents)
were obtained by tissue culture methods
than from whole plants (27). Accumula-
tion of Catharanthus alkaloids at about
75 percent of the accumulation from
small-scale cultures (0.07 liter) has been
achieved from cells grown in a 750-liter
production fermenter (51). A German
pharmaceutical company is going ahead
with plans to produce Digitalis glyco-
sides in tissue culture systems within the
next few years (2/). Mitsui Petrochemi-
cal Industries is already marketing tissue
culture—derived shikonin, a red-colored
naphthoquinone compound used as a
dye and an astringent (2/). Valuable
pharmaceutical intermediates and drugs
could in the future be produced in 1000-
liter (and larger) vats of plant cells, a
situation analogous to the current indus-
trial production of antibiotics and other
chemicals by continuous fermentation of
microbial cultures (23, 52, 65).

Breeding and Cultivation of Plant

Sources of Natural Products

Attention is often paid to the selection,
breeding, and cultivation of plants from
which natural products are obtained. Re-
search in these areas frequently leads to
vast improvements in yield of important
plant-derived compounds. Tissue culture
methodologies can be particularly useful
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in achieving rapid multiplication of the
highest yielding individual plants. The
potential success of the cultivation and
improvement of commercially important
plants may be illustrated by one example
of how tissue culture techniques have
been applied to this area. Elite genotypes
of pyrethrum plants, whose flowers con-
tain large amounts of pyrethrins, have
been selected and propagated clonally by
means of tissue culture techniques. Elev-
en million of these plants are now being
grown in Ecuador. This approach poten-
tially could be applied to other plants
producing high-value metabolites.

Conclusions

Plant natural products have long been
and will continue to be important
sources and models of spices, flavors
and fragrances, vegetable oils, soaps,
natural rubber, gums, resins, drugs, in-
secticides, and other industrial, medici-
nal, and agricultural raw materials. For
example, it is important to recall that the
Industrial Revolution was made possible
in part by the discovery and commercial
development of the rubber tree, Hevea
brasiliensis. However, since most plant
species have never been described much
less surveyed for chemical or biological-
ly active constituents, it is reasonable to
expect that new sources of valuable ma-
terials remain to be discovered. Howev-
er, if the current trend of destruction of
tropical forests continues at its present
rate, phytochemists and other plant sci-
entists may have only a few decades
remaining in which to investigate much
of the plant kingdom for useful chemi-
cals.

Advances in chromatographic and
spectroscopic techniques now permit the
isolation and structural analysis of po-
tent biologically active plant constituents
that are present in quantities too minute
to have been previously characterized.
In addition, advances in plant cell and
tissue culture and genetic manipulation
could provide new means for economic
production of rare plants and the chemi-
cals that they produce. These new chem-
ical and biological technologies will
serve to enhance the continued useful-
ness of higher plants as renewable re-
sources of chemicals.
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Annual Heat Balance of Martian
Polar Caps: Viking Observations

David A. Paige and Andrew P. Ingersoll

One of the most interesting results of
the Viking mission to Mars was the dis-
covery that the seasonal behavior of CO,
frost at the Martian poles is not symmet-
ric. In the north, the Viking orbiter sum-
mertime observations gave strong evi-
dence for an exposed and permanent
water ice polar cap, and the absence of
solid CO, (I, 2). In the south, the obser-
vations suggest that solid CO, remained
on the surface through the end of the
summer season (3, 4). These results were
not expected, and have important impli-
cations for our understanding of the Mar-
tian climate system.
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On Mars, the temperatures of CO;
frost deposits are determined by the lo-
cal partial pressure of CO, gas, the domi-
nant constituent of the Martian atmo-
sphere. The partitioning of total avail-
able CO, between atmosphere and polar
caps over climatic time scales is deter-
mined by the vapor pressures of the
coldest permanent year-long CO, depos-
its on the planet (5, 6). Since the tem-
peratures of stable CO, frost deposits are
governed by their annual heat balance,
the properties and processes that deter-
mine the annual heat balance at the Mar-
tian poles have a major impact on the
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composition and mass of the Martian

" atmosphere (7). Since both poles receive

the same total insolation (sunlight inci-
dent at the top of the atmosphere) during
a year, the present north-south asymme-
try in the behavior of CO, frost shows
that processes generated on Mars itself
must play an important role in determin-
ing the behavior of the Martian polar
caps over climatic time scales. Identify-
ing and understanding these processes
will be an important step toward under-
standing the past and present climate of
Mars.

We present here an extensive compila-
tion of Viking Infrared Thermal Mapper
(IRTM) solar reflectance and infrared
emission observations of the Martian
north and south polar regions. The ob-
servations span an entire Mars year, and
are used to determine annual radiation
budgets and heat budgets for the core
regions of the north and south permanent
or residual polar caps. The results define
the current behavior of CO, frost at the
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