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Abstract

Biotechnology is described as methodol-
ogy to enhance the formation and accumulation of desir-
able natural products and possible product modification
in medicinal plants. Micropropagation, cell and hairy
root culture as well as gene technology are being high-
lighted.
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Introduction

Medicinal plants have been the subject of
man's curiosity and purpose since time immemorial. Phar-
macognosy is the scientific discipline for the description
and recognition of medicinal plants and plant products. Re-
cently, its 200-year history has seen most significant ad-
vances. New and novel technologies improved the separa-
tion and analysis of plant products by several orders of
magnitude, and immunochemical techniques are poised to
extend our capabilities even further. As a result phyto-
chemistry, biochemistry, and physiology have entered
pharmacognosy and transformed it to pharmaceutical biol-
ogy. Today, pharmacognosy is, again, at the threshold of a
major expansion. Cell and gene technologies have changed
our capabilities from the mode of plant description to con-
trol of development and design of products. This new
technology, commonly referred to as biotechnology, may
enhance the formation of desirable plant products and im-
prove our health industry. It decidedly is meant also to
broaden our understanding of the biology of product forma-
tion in medicinal plants. In a wider context, biotechnology
will enable us to learn about one of biology's major con-
cerns — differentiation. It may actually re-establish ties be-
tween pharmacognosy and biology.

Cell Technology
Micropropagation

The oldest root of medicinal plant biotech-
nology has grown from cell technology, specifically plant
tissue culture. In fifty years since its inception as a tool in
physiology (1—3) tissue culture has found most visible ap-
plication in plant regeneration from in vitro cultured cells.
One commercial spin-off of this technology is micropropa-
gation (4). Regeneration of plants has been achieved with
cells and tissues excised from various medicinal plants as
well (5). The multiplication factor can be high. Recent work
with Cephaelis ipecacuanha yielded 100 plantlets per shoot
tip explant per year or 600 plantlets per axenic shoot (6).

Micropropagation would be of special in-
terest when applied to species which require several years
of development. Here, accelerated crop rotation can be ex-
pected. This concept showed prospects of success when
Chang and Hsing (7) obtained whole plant regeneration by
way of embryogenesis in root-derived callus of ginseng
(Panax ginseng). Commercial micropropagation of elite
ginseng plants, however, appears to be afflicted by prob-
lems; transfer of plantlets from test tubes to soil is often af-
fected by root rot (Kao, personal communication).

Slow in being accepted by industry, micro-
propagation may still develop into a major component in
medicinal plant breeding. Its benefit derives from in vitro
culture and multiplication of axenic shoots excluding callus
formation and associated problems. This kind of vegetative
propagation permits cloning and preservation of elite
plants obtained by cross-pollination. With Digitalis lanata,
for example, cultivars with high cardenolide content were
obtained by inbreeding and subsequent crossing of selected
genotypes. Isolation and in vitro culture of shoot tips led to
the formation of adventitious shoots. After short- and long-
term culture, rooting of such shoots on solid medium estab-
lished plantlets which were transferred to soil. Cardenolide
yields equalled those of the parents (8). In similar ex-
perimentation with Digitalis lanata (9) final adaptation of
in vitro grown plants to field conditions was affected by
transpiration problems and required a special protocol. In-
terestingly, in vitro cloned plants had to be vernalized,
whether explants had been derived from 1- or 2-year old
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source material. In a similar fashion valuable genotypes of
chamomile (Chamomilla recutita) have been cloned (10).

Axenic shoot (tip) cultures can be employed
not only for multiplication of stock, but also for storage. If
kept at 4°C on media with reduced mineral salt concentra-
tion chamomile and D. lanata shoot tips have been pre-
served for at least 12 months. Cryopreservation permitted
the establishment of a gene bank for elite chamomile and
Digitalis plants (9, 10).

Somaclonal variation (11), which may be
expressed in the selfed progeny of regenerant plants from
callus cultures, has been employed as a means to select for
medicinal and industrial plants with altered levels of
phytochemicals. Opium poppy cell cultures, for example,
have been exposed to conditions for regeneration and have
provided an ample supply of in vitro grown plants which
subsequently set flowers and seed (12). At PBI, selfing re-
generants and their offspring produced second and third
generations for alkaloid analysis. While individual plants
showed values of thebaine, codeine, and morphine which
exceeded those of seed born control plants, segregants with
heritable capacity for high or low concentrations ofthese al-
kaloids or "codeine plants" have not been obtained. It
would appear that ten years of experimentation with
somaclonal variation has not yielded stable chemovariant
plants, the greatest handicap being the lack of adequate
selection procedures for high volume samples.

Cell culture

The production of pharmaceuticals by in
vitro culture of plant cells, tissues, and roots has been pur-
sued for 30 years (13) and still, the results have not met ex-
pectations. In total only a handful of species are being used
by industry (14). Difficulties with predicting the future of in
vitro production of pharmaceuticals stem from problems
with cell technology as well as from uncertainties in the
markets, regulatory aspects concerning pharmaceuticals
from tissue cultures, and research funding. A case history
may best illustrate the extent to which plant cell culture can
lead to producing pharmaceuticals.

Opium poppy (Papaver somniferum L. cv.
Marianne) cell cultures were established with callus from
hypocotyl segments of seedlings in 1977 (15). An initial re-
port on the occurrence of codeine in these cultures (16) re-
mained unconfirmed. Recent analyses using RIA technol-
ogy (Abuscreen test kit, LaRoche Diagnostics) demon-
strated the occurrence of morphinan alkaloids in young cal-
lus at a level of 0.4ng/mg fresh weight over a period of 9
months from explantation or as long as calli could be in-
duced to regenerate plantlets and retained/produced
laticifer-like cells (17). The application of a two-step culture
system as suggested and employed by Zenk et al. (18) which
requires the increase in biomass using growth media fol-
lowed by transfer of cells to production media and harvest
for extraction of products failed to demonstrate morphinan
alkaloids (15). Elicitation of these opium poppy cell cultures
by homogenates of Botrytis spec. mycelium resulted in the
formation not of morphinan alkaloids but exclusively of
sanguinarine and up to 3% of dry weight. Remarkably, san-
guinarine accumulation was observed in cells and, to a less-

er extent, their medium. It occurred while cells were sus-
pended in growth medium, i.e. without transfer of cells to
special production media, and within 3 days rather than
after several weeks of culture (19). Today, at a pilot stage,
the same cultures are producing 200—400g of san-
guinarine per week in one 3001 bioreactor and in 250 ml
suspensions levels of 11 % of dry weight have been ob-
served (K. Giles, personal communication). Sanguinarine
has demonstrated antibiotic activity against bacteria caus-
ing plaque formation on teeth and, thus, has for some time
been the active ingredient in a variety of dental care prod-
ucts (20). Natural sources of sanguinarine are bloodroot
(Sanguinaria canadensis L.) and Macleaya species. The
latter are being grown in plantations but may not satisfy the
demand.

The process of elicitation as employed here
remains under investigation for academic and practical
reasons (21, 22). Apart from the observation that elicitation
by biotic and abiotic agents of plant cells grown in vitro does
not necessarily increase yields of desirable compounds, as
shown for shikonin and berberine, or double-up yields
when combined with transfer of cells to production media,
its application leads to variation in yields. This variation in
cell response may reside in the quality and quantity of the
active principle of the elicitor. Experiments designed to de-
fine the Botrytis elicitor principle are on-going. Since chitin
was found to simulate the effect of Botrytis homogenate,
hydrolyzates of chitin are being tested for elicitor activity
(Tyler, personal communication). The analyses follow pro-
cedures as employed by Conrath et al. (23) who investigated
the synthesis of callose and coumarin derivatives in parsley
cells exposed to chitosan. On the other hand, the exposure
of poppy cells to fungal homogenate for 48 h leaves the cell
structure intact (24, 25) and, upon a recovery by subculture
in regular (1-B5) growth medium, permits a second and
third treatment of the biomass for sanguinarine produc-
tion. Increasing product yields have been observed as a re-
sult (26), and a semi-continuous process for the production
of phytochemicals has subsequently been proposed (27).

Cell culture of medicinal plants will invari-
ably involve a consideration of the interrelationship of
structural and biochemical differentiation. The diversity of
phytochemicals forbids general statements on this topic.
Strong arguments for coregulation of structural and bio-
chemical differentiation originated with attempts to use cell
cultures for the production of essential oils. With mint cell
cultures, for example, the lack of gland cells and subcuticu-
lar compartments has been seen as an impediment for mint
oil synthesis and accumulation. A recent literature review
demonstrated widespread, low level occurrence of essential
oils, and more so of volatile compounds, in plant cell cul-
tures (28). In pelargonium and mint cell cultures the level of
isoprenoid compounds was affected by growth regulators,
immobilization of cells, elicitation, polyploidization, and
adsorption by Miglyol® (29). It would appear that in the ab-
sence of specialized structures in cultures the separation of
essential oils containing cytotoxic compounds from cul-
tured cells removes a/the limiting factor to measurable ac-
cumulation (30). Structural and biochemical differentia-
tion, therefore, may be separated, must not be subject to
coregulation (cf. 31).
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Hairy root culture

Hairy roots are hormone autonomous roots
obtained by transformation with Agrobacterium rhizo-
genes. Their biosynthetic potential is being explored in sev-
eral laboratories. A massive increase of biomass over rela-
tively short periods of culture and complete differentiation
of root tissue warrant the production of root-specific
phytochemicals at substantial levels. Arid, indeed, hairy
root cultures may become raw material for industrial pro-
cesses towards pharmaceuticals or flavors or pigments. A
few examples may illustrate the potential of hairy root cul-
tures. They permit us to obtain compounds which occur in
native roots in traces only. Hairy root cultures of opium
poppy produced sanguinarine at levels up to 2 % of dry
weight (32). Also, hairy root cultures may equal the produc-
tivity of native roots and exceed other in vitro systems as
with red thiarubrines, strong antibacterial and antifungal
compounds in Chaenactis douglasii (33, 34). Finally, a sur-
vey of the potential of 24 solanaceous species showed
tropane levels in hairy roots similar to those in native roots
(35). Analyses of hairy roots of aDatura candida hybrid fur-
nished yields of 0.68% of dry weight which is 1.6 and 2.6
times the amount found in the aerial parts and in the roots
of the parent plants, respectively. Scopolamine was the
principal alkaloid and the scopolamine/hyoscyamine ratio
of 5: 1 makes these hairy root cultures subject to considera-
tions as a source of scopolamine (36).

Cell cultures and hairy root cultures would
gain in importance as source of pharmaceuticals if products
including desirable compounds would be released into the
medium and enable continuous, on-line, non-destructive
harvest procedures. Forced release by organic solvents as
applied once to immobilized cells (37) has not been found
satisfactory. The poration of cells as generally practised
with protoplasts for purposes of DNA incorporation (38)
would appear to be impractical at this time. A better pros-
pect would appear to result from observation of active
excretion of berberine by cell cultures of Thalictrum minus
(39). Subsequent experimentation admittedly showed that
excretion of berberine differed with Thalictrum species and
appeared to be largely under genetic control (40). While
these observations and conclusions could prevent further
studies today, they may in future become subject to genetic
manipulation and widen the range of material designed to
excrete desirable products.

Gene Technology
Enhancement of productivity

Transgenic plants have become reality.
Their novelty is expressed as a change, i.e. enhancement, in
plant performance (herbicide, insect resistance) and pro-
ductivity (pigmentation, storage proteins) (41). Transgenic
cell cultures of medicinal plants with modified or enhanced
productivity and micro-organisms producing phytochemi-
cals are conceivable and may further increase the feasibility
of phytochemical production by in vitro methods. The first
steps in this direction have been taken and include the
purification and characterization of key enzymes of bio-
synthetic pathways, the isolation of cDNA clones and gene
synthesis. The list of genes being characterized is growing
steadily, those which code for phenylalanine ammonia-

lyase, chalcone synthase (42), tryptophan decarboxylase
(43), strictosidine synthase (44) or 6-hydroxy1ase (45) are
of interest. Enzymes of the isoquinoline monoterpene in-
dole, tropane alkaloid, and flavonoid synthesis are receiv-
ing prime attention.

The application of gene technology to
medicinal plant material can best be described by reference
to experiments designed to overcome one particular prob-
lem. The occurrence of vinblastine has been reported for
callus and hairy root cultures of Catharanthus roseus
(periwinkle) (46, 47), but these observations lack persistent
confirmation. Likewise, vindoline, one of the two moieties
of vinbiastine, has not been demonstrated for in vitro cell
cultures with certainty (48). Its abundance in vinblastine-
producing leaves of periwinkle has been well documented
(49). How to force accumulation of vindoline and vinbias-
tine in periwinkle cell cultures? Analyses of periwinkle cell
cultures did not assist in the search for vindoline; elicitation
by homogenates of Pythiuin aphanidermatum and other
biotic and abiotic stress agents induced substantial in-
creases of catharanthine, the second moiety of vinhlastine,
but not of vindoline and of enzymes catalyzing vindoline
synthesis (50, 51). The ability of shoots regenerated from
cell cultures to produce vindoline (52) had demonstrated
that such biosynthetic potential is present but silent in cul-
tures. Cell cultures, therefore, were replaced as experimen-
tal material by seedlings in order to elucidate the problems
at hand. Vindoline was detected in 6-day-old material upon
illumination. Also, over time, vindoline appeared in in-
creasing amounts while the level of tabersonine decreased.
This behavior prompted an elucidation of the biosynthetic
pathway from tabersonine to vindoline and led to the de-
scription of a series of enzyme reactions, acetyl transfer
being the sixth and last step, resulting in the formation of
vindoline (53). Today, the acetyl coenzyme A :deacetylvin-
doline O-acetyl transferase has been pllrified and charac-
terized. It will be employed in isolating its respective gene
for reintroduction into cultured cells of periwinkle and test
for regulation of gene expression (54). The question
whether such experiments will bring about vindoline
biosynthesis in cell cultures remains to be answered.

The studies performed with seedlings of
periwinkle have demonstrated that the enzymes involved in
vindoline synthesis are under strict developmental and tis-
sue specific control (53, 55). The enzymes involved in the
early stages of vindoline biosynthesis (tryptophan decar-
boxylase and strictosidine synthase) were induced and
peaked by 4 days after germination, whereas enzymes in-
volved in later stages (N-methyl transferase and deacetyl-
vindoline acetyl transferase) peaked 6 days after germina-
tion. Only the latter enzyme required light for induction and
showed a 10-fold increase in activity after light treatment of
the seedlings.

It would appear from these observations
that photoautotrophic cell cultures ofperiwinkle would con-
stitute the most suitable host material for incorporation and
expression of genes which code for enzymes of vindoline
synthesis. Such cell cultures have been selected for and
found to be incapable of vindoline formation under condi-
tions tested so far (56). Also, enzymes catalyzing vindoline
formation could not be detected.
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Enhancement of morphinan accumulation
in cell cultures of opium poppy is complicated by the factor
of laticifer differentiation. Could expression of latex specific
proteins in opium poppy cell cultures enhance conditions
for morphinan accumulation? An answer to this question
may have to wait for some time. Still, major, i.e. abundant
latex specific proteins of opium poppy have recently been
separated and characterized (57, 58). Also, a partial amino
acid sequence of this protein has been obtained. The pro-
tein fragment was used to design a major latex protein
primer. A specific DNA probe was obtained and used to
hybridize with mRNA of latex, tissue cultures and roots and
shoots of poppy. No hybridization signal was detected in
mRNA extracted from poppy callus or cell suspension cul-
tures. The major latex protein mRNA accumulates exclu-
sively in laticifers (59).

Modification of products

The employment of DNA technology to
genetically modify plants for products designed for special
usages has begun already. Modification of Brassica plants
to produce oil of specific chemical composition is the objec-
tive of several laboratories (60), as is the effort to reduce the
level of glucosinolates in Brassica meal (60). The suggestion
to reduce the level of cyanogenic glycosides in cassava
plants to zero is part of a recommendation by an interna-
tional advisory council for research on tropical agriculture
(61). At present the only procedure which could be re-
garded as realistic is the interdiction of biosynthetic path-
ways by employing antisense mRNA. It would be the proce-
dure of choice to eliminate glucosinolates or cyanogenic
glycosides. A target for this kind of modification with medic-
inal plants has not been identified in the literature, but may
well be at hand. While industrial application of such
technology may materialize for agricultural and horticul-
tural commodities, costs of investment may preclude appli-
cation to medicinal plants.

The best known model for genetic modifica-
tion of plants for designer products results from work on an-
tisense mRNA activity, first detected with bacterial and
mammalian systems, now shown for plants (62). Ex-
perimentation with petunia presented as molecular flower
breeding (63, 64) can well be used as a model. The work re-
quired interdiction of a resident pathway in petunia by ex-
pressing the reverse orientation of a defined pigmentation
gene. Upon transcription of the wrong DNA gene an an-
tisense RNA strand is formed which can interact with the
complementary RNA strand to form a duplex. The mRNA
then cannot contribute to protein synthesis, here chalcone
synthase, and the effect will be similar to a mutation. In
petunia a pure white flower color is the result. Novel color
patterns, indeed, have been demonstrated.

The application of biotechnology to medici-
nal plants does include not only biological but also bio-en-
gineering aspects. The design and development of reactors
which respect the particular characteristics of plant cells
suspended in liquid medium or immobilized in a matrix or
on surfaces is an on-going concern in an attempt to bring
input costs down and yields up. Important, also, is the de-
velopment of legislation which covers products obtained by
plant cell cultures as medicinals. Compounds obtained with
transgenic plant materials may require additional legisla-
tion. Finally, funding of research projects focused on the
synthesis, accumulation, and excretion of phytochemicals
by in vitro culture systems is in need of continuance and
must not be affected by temporarily volatile market condi-
tions or policies. The advances made in medicinal plant
biotechnology generally are of broad application and may
show very significant spin-offs in the field of plant protec-
tion or further our understanding of the plant and its envi-
ronment.

The immediate future of medicinal plant
biotechnology may well be determined not by economic,
but by socio-political factors. Work would be based on
technology at hand, cryopreservation and micropropaga-
tion. It may gain increasing importance in preserving
species threatened by extinction. This general concern in-
cludes medicinal plants. Since Douglas (65) described the
propagation of the last specimen of a palm (Hyophorbe
amaricaulis) by tissue culture methods the number of simi-
lar reports has increased and includes rare medicinal
plants, Saussurea lappa (66) and Coleus forskohlii (67), for
instance, both endangered species in the Himalayas.

Outlook
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