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Introduction

Higher plants provide us with a large variety of
valuable natural products such as flavors, insecticides, and
pharmaceuticals. Despite remarkable advances in synthetic or-
ganic chemistry, plants are still the sole source of about 25% of
prescribed medicines (1). Since it is generally possible to culti-
vate plant cells in large quantities under aseptic conditions,
plant cell suspension cultures are regarded as potentially suita-
ble systems for producing phytochemicals of high economic
value (2, 3, 4).

Studies on the production of plant secondary
metabolites by plant cell suspension cultures have been com-
prehensively described (5, 6). Several plant cell cultures have
been shown to produce large amounts of secondary metabo-
lites (Table la), but although the number of high-yielding cell
cultures increases yearly, there are still plant species which fail
to produce their important natural products when cultivated in
the form of an undifferentiated cell culture (7, 8, 9; Table ib).
Many of these recalcitrant plant species provide us with very
important natural products, such as codeine, quinine, tropane
alkaloids, or cardiac glycosides.

Table 1 Plant cell cultures and their potential for producing plant secondary
products.

a) Highyield plant cell cultures

Plant species Metabolite Yield

(WI)

References

Berbe rig wilsoniae latrorrhizin
Coleus blumei Rosmarinicacid
Coptisjaponica Berberine

Shikonin

Morinda cit rifolia Anthraquinones

3.0
5.5
1.4

4.0

2.5

(21)
(22)
(23)

(24)

(25)

b) Recalcitrant plant cell cultures

Plant species Metabolite References

Atropa belladonna Atropine
Cinchona ledgeriana Quinine
Digitalis lanata Digoxin
Doboisia leichhardtii Hyoscine
Papaversomniferum Codeine
Rauwolfia serpentina Reserpine

(26,271
(28,29,30)
(31,32,33)
(34)
(35,36,37)
(38)

c) Plant cell cultures that produce secondary metabolites hitherto not
known to occur in the intact plant

Plant species Metabolite Class References

Andrographispaniculata Pan iculides Sesquiterpenes (39)
Gardenia jasminoides Tarennosid Monoterpene (40)
Morinda cit rifolia 5,6-Dihydroxy-

lucidin
Anthraquinone (41)

Dchrosia elllptica Epchrosine Indole alkaloid (42)
Picralinianitida Pericine Indole alkaloid (43)
Ruta graveolens Rutacultin Furanocoumarin (44)
Stephania cepharantha Armorine Alkaloid (45)
Thuja occidentalis Hinokiol Diterpene (46)

Abstract

Plant cell cultures are a potential source of
pharmaceutically important plant metabolites. In the past
few years a lot of success has been achieved in the field of the
cultivation of plant cells on a large scale. Special bioreactor
systems, such as airlift or drum-type fermentors have been
devised for the mass cultivation of plant cells. Classical stir-
red-tank bioreactors (up to 750001 volume) have also been
used for the cultivation of plant cells and the production of
important plant metabolites. Plant cells proliferate much
slower than microbial cells. In consequence, the time taken
to grow a plant cell suspension from the shake-flask level
(300 ml) to the production scale (20,0001) takes about 3 to 6
weeks. Nevertheless, the cost analyses available show that
the production of valuable chemicals by a suitable plant cell
culture process could be commercially viable. Plant cells
have been grown in batch and repeated batch culture, and
single- stage as well as two-stage processes have been de-
veloped for the production of secondary metabolites by fer-
mentor-cultured plant cells. There are, however, only few
cell culture processes that have attracted industrial atten-
tion as yet. Biological rather than technological problems
are the main obstacles to a more common use of fermentor-
cultured plant cells in industry.

Review
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Some cell cultures produce secondary
metabolites not yet known to occur in the respective mother
plants (5, 9, 10; Table lc). This has prompted some research
groups to screen plant cell cultures for novel, pharmacologi-
cally active principles. Many plants produce biologically active
compounds but cannot be grown on a large scale- Here, plant
suspensions cultures are receiving much attention and are
used in the production of these compounds (e.g. 11).

It is beyond the scope of this paper to review
the basic problems of how to establish high-yielding cell cul-
tures (see references 12, 13, 14), how to deal with the problem
of the instability of high-producing cell lines (see references 15,
16, 17), and how to improve the cells' productivity (see refer-
ences 18, 19, 20). We shall focus instead on advances made re-
cently in the field of the large-scale cultivation of plant cells and
the production of biologically active plant metabolites by fer-
mentor-cultured plant cells.

Large-Scale Cultivation and
Economic Considerations

In 1959, Tulecke and Nickell (47) were the first
to report on the large-scale cultivation of plant cells. During
these early studies steel tanks with volumes of up to 134 litres
were already used. In the past few years, quite a lot of success
has been achieved in the field of the fermentation and scale-up
of cell suspensions. Plant cells are now cultivated in volumes of
up to 75,000 litres (92), specific fermentor systems for plant
cells have been developed, and productive cell culture systems
have been established. (For recent reviews on mass culture sys-
tems for plant cells refer to 48, 49, 50, 51.)

Although plant cell cultures are regarded as an
alternative to the agricultural production of natural products,
biotechnological processes with plant cells are expected to be
more costly than any of the microbial processes established so
far, despite all the advances made in cell culture technology.
Thus, chemicals which are candidates for production by plant
cell cultures have to be of high economic value.

The most detailed cost analysis was produced
by Goldstein et al. (52). Their analyses give a good account of
the different aspects that have to be considered in evaluating
the cost of a plant cell culture process. Assuming that a conven-
tional microbial fermentor is used to cultivate the plant cells,
and that 10,000 kg of a fine chemical are produced per year,
Goldstein and co-workers calculated a break-even against run-
ning costs if the product's selling price is US $ 1368 per kilo-
gram. Other authors estimated the minimum selling prices
more optimistically (17) or more pessimistically (3) (Table 2).
Yet, all the calculations available demonstrate that the produc-

Table 2 Evaluations of the profitability of plant cell culture processes.

Vessel
size

Production Break-even

product

price

(US$ikg)

Reference

(m3)

Produc-

tivity
(gil)

Yield

(kgia)

Cycle

(d)

100
50
50

1.00
—

0.25

—

10000
375

15
—

10

500
1,368

30,000

(17)
(52)
) 3)

:

251 701 3001 7501 50001

/ 1,(
tion of valuable chemicals by a suitable plant cell culture pro-
cess could be commercially viable.

Some properties of suspension-cultured plant
cells have to be taken into consideration when we talk in terms
of their cultivation on a large scale. Plant cells are much larger
than microbial cells. In addition, only few plant cell cultures are
real single cell cultures. Most often, plant cell suspensions con-
sist of small aggregates of up to 200 cells each. Since metabolic
activity is a function of an organism's surface, it is evident that
growth rates are much lower in the case of plant cell cultures
compared to microbial cells. For a well-growing plant cell sus-
pension, doubling times are in the range of 15 to some 120h
(Table 3). As a consequence, the "preproduction phase",i.e. the
time taken to grow the plant cells to the production scale is very
time-consuming and may thus account for a significant part of
the total cost of a biotechnological process. Usually, it takes
about 20 to 40 days to establish a large-scale volume (Fig. 1). As
a consequence, utmost attention has to be given to sterility dur-
ing the scale-up, sample-taking, and production cycle. In the
respective publications, no one reports on the ratio of overall
fermentor runs to sterile runs. Hence, it is difficult to give objec-
tive figures, but from our own experiences we know that during
repeated batch culture, infections can be avoided over long
periods of time (3 months) and that less than 10% of fermenta-
tions run in the batch mode will get infected.

Airlift Versus Stirred-Tank Bioreactors

Suitable bioreactors (Fig. 2) for plant cells had
to be developed, since the cellulose cell walls seem to be quite
sensitive to the high shear forces that are known to occur in
microbial fermentation systems (stirred-tank bioreactors). One
approach to the problem was the introduction of airlift bioreac-
tors, where stirrers could be omitted. In 1977, Wagner and Vo-
gelmann (59) reported on their investigations into the influence
of different types of bioreactors on natural product synthesis.
They already recognized that the low productivities achieved in
reactors with turbine impellers resulted mainly from agitation
problems. They explained their findings as a result of an oxy-
gen limitation in stagnant zones together with mechanical
damage to the cells in the turbulent region. From their results
the authors concluded that the airlift system is superior to the
stirred-tank system. The use of airlift bioreactors to cultivate

.—.15

:30
U,
U,0
E
aj

0 5 10 15 20 25 30
Time IdI

Fig. 1 Growth of Catharanthus roseus cells during scale-up from 25 to 5000
litres (modified after reference 58).
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plant cells on a large scale has also been studied extensively by
Fowler and co-workers (3).

It was found that the airlift bioreactors turned
out to be problematic at high biomass levels. Here, efficient
mixing and sufficient oxygen supply are not always guaran-
teed. In addition, the high aeration rates necessary cause trou-
ble due to vigorous foaming. Therefore, stirrers have been in-
vented which can be used to mix plant cell cultures grown in
bioreactors.

Tanaka (62), for example, has cultured Mac-
lura tricupidata cells in bioreactors equipped with several
types of stirrers (Fig. 3). In these studies the best results were
obtained when a paddle impeller was used to mix the plant
cells. Ulbrich (53) compared various agitation modes in stand-
ard vessels and found that rosmarinic acid production with Col-

Spin I Helix I Staded Paddle

Fig. 3 Bioreactors equipped with various stirrers.

ensblumel cells was best (3.3 g/l) when a helical stirrer, termed
"module spiral stirrer" was used.

Cardenolide biotransformation, which will be
reviewed in more detail later on, was improved when per-
formed in stirred-tank reactors. When Digitalis lanata cells
were cultivated in a 20-litre airlift bioreactor, 653mg )3-methyl-
digitoxin per litre were produced after 20 days of cultivation. If,
on the other hand, stirrer-equipped bioreactors of similar size
were used productivity increased, and 720 mg/l (helical stirrer)
or 776 mg/l (spin stirrer) were produced (63).

It was reported that oxygen tension in the cul-
ture medium influences alkaloid production by cultured plant
cells (23, 64). In the case of selected Berberis wilsoniae (Ber-
beridaceae) cell cultures (65), which are known to produce high
amounts of protoberberine alkaloids, such as iatrorrhizine and
berberine, the influence of dissolved oxygen on protoberberine
production was investigated in more detail (60). Maximum al-
kaloid production was achieved at dissolved oxygen levels of
50%. After 20 days of cultivation in a 20-litre airlift bioreactor
about 3 g alkaloids per litre were produced, representing more
than 10% of the cells' dry weight. At still higher aeration rates

a) Comparison of cell sizes, surfaces, and volumes

Species Size (p.sm) Surface (.tm2) Volume (Rm3)

Serratiamarescens 0.5 x 1.7 6.9 1.3
Escherichia coli 1.3 x 4.0 43 21
Bacillusmegaterium 1.2 x 7.6 66 34
Saccharomycescerevisiae 3.5 (sphere) 153 179
Coleus blumei 60.0 (sphere) 4500 900,000

b) Comparison of growth rates

Species Doubling
Time (h)

Specific Growth
Rate (1/h)

References

Escherichia coil 0.33 2.1 (54)
Nicotiana tabacum 15 0.046 (55)
Maluscommunis 31.5 0.022 (56)
Morinda citrifolia 45 0.0 15 (57)
Coleus blumei 53 0.013 (58)
Catharanthusroseus 72 0.010 (59)
Berberis wilsonia? 100 0.007 (60)
Digitalis lanatat 120 0.006 (61)

a For the most part calculated Iron growth curves.
Cultivated in a 20 litre airlift bioreactor.
Cultivated in a 300 litre airlift bioreactor.

Table 3 Eucaryotic and procaryotic cells in
culture (modified after reference 53).

Stirrers

Fig. 2 Bioreactors used for the cultivation of plant cells on a large scale.
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100rpm 200rpm 300 rpm

0/o-

:W
- -

Fig. 4 A, Influence of stirrer velocity on alkaloid production. 8erberis
wi/soniae cells were cultivated in a Biostat U 30 D bioreactor equipped with a
helical stirrer (lift down mode). B. Influence of stirrer type on alkaloid
production. I. Flat blade turbine (bladed stirrer) with baffles, II. Flat blade
turbine without baffles, It. Module spiral stirrer (helical stirrer) lift mode. B =
berberine, I = iatrorrhizine, C = columbamine, P palmatine.

(60% dissolved oxygen), productivity decreased and only 1 gal-
kaloids per litre medium was produced.

Using a Biostat U 30 D bioreactor (Braun Co.,
Melsungen, FRG), the influence on alkaloid production of stir-
rer type, stirrer velocity, and dissolved oxygen (DO) level was
examined. Due to the plant cells' sensitivity to high shear
forces, it is generally advisable to use low stirrer velocities
(about 50 to 200rpm, depending on the stirrer type used).

With the stirrer velocity set to 100 rpm, al-
kaloid production was clearly demonstrated to depend on the
oxygen available in the medium. At a DO level of 20%, about
1.0 g protoberberines per litre were produced. If the level of DO
was raised to 40%, productivity increased to some 1.4 g per
litre. The alkaloid production could be further increased (to
2.4g/l) if the helical stirrer was run at 200rpm. This was
mainly due to the far better growth of the cells as compared to
their growth at 100rpm. Still higher stirrer velocities resulted
in a reduced cell growth and hence reduced productivity
(Fig, 4A).

Several stirrer types (spin stirrer, bladed stir-
rer, helical stirrer, see Fig. 3) were tested and it was found that
maximum alkaloid production is achieved if a bladed stirrer is
used together with baffles (Fig. 4B). In this case the level of al-
kaloids at the end of a fermentation run was as high as in the

respective experiments where airlift bioreactors were used.
Using either fermentor system, a productivity of 150 mgll*d
could be achieved.

It is thus seen that plant cells maybe cultivated
in conventional stirred-tank bioreactors, although at present
no guidelines can be given concerning the best stirrer type. De-
pending on the cell culture used in each ofthe respective inves-
tigations, high growth rates as well as good production rates
were achieved with either spin stirrers (63), helical stirrers
(53), or bladed stirrers (60).

Only recently, a novel fermentation mode was
introduced by Fujita and Tabata (2). They designed a rotary
drum-type tank (Fig. 2) and compared the production of shiko-
nm by Lithosperraum erythrorhizon cells cultivated in conven-
tional bioreactors with the productivity obtained in drum-type
reactors of equal size. The authors found that, during scale-up
to 1000 litres, productivity decreased when the stirred-tank
mode was used. Using rotary drum tanks, on the other hand,
they were able to scale up the volume to 1000 litres with no de-
crease in shikonin yield.

Batch Culture and Repeated Batch Culture

Although many plant cell cultures fail to
synthesize secondary metabolites, they might be of some
biotechnological importance due to their ability to perform
specific chemical reactions ("biotransformations"). Like micro-
bial processes, biotransformation reactions might be used in
biotechnological processes with plant cells (66).

In this context, we should refer to the success-
ful cardenolide biotransformation with Digitalis lanata
(Scrophulariaceae) cell cultures (67). A semisynthetic car-
denolide, )3-methyldigitoxin, is 1 23-hydroxylated by selected
cell lines to 3-methyldigoxin with good yields and almost no
side reaction (68). After a series of experiments with Digitalis
cells cultivated in reactor vessels of various size, this bio-
transformation process could be further improved with regard
to medium composition and the manner in which the substrate
is fed to the cultured cells (61). Finally, Digitalis lanata cell sus-
pensions were scaled up to 210 litres. The 1 213-hydroxylation of
3-methyldigitoxin to -methyldigoxin was performed in a 300-
litre airlift bioreactor, yielding about 100 g 3-methyldigoxin
after 18 to 20 days of fermentation (69).

On the basis of our experiences in scaling up
Digitalis lanata cells from the 300-mi level to the 300-litre
bioreactor, we estimate that establishing an industrial scale
volume of about 20,000 litres would last some 40 days. Only
after that propagation phase can the biotransformation pro-
cess be initiated. With a view to circumventing these rather
long non-producing phases, semi-continuous fermentation
systems were investigated. The fermentation mode used for the
production of 3-methyldigoxin is the "repeated batch culture",
where most of a given fermentor-cultured suspension is har-
vested from the stationary phase of the growth cycle. The
bioreactor is then refilled with fresh medium after which the
next production cycle can be initiated. In this way, a process
was developed in which 513 g of )3-methyldigoxin were pro-
duced after 89 days of fermentation in a 300-litre airlift reactor
(61).

Fig. 4A

Fig. 4 B
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Fig. 5 Formation of deacetyllanatoside C in a 20-litre airlift bioreactor.

Digitoxin (0—0), purpurea-glycoside A (Ls—A), digoxin (•—S), deacetyl-
lanatoside C (A—A).

Two-Stage Culture

The two-stage concept, where cells are prolif-
erated in a growth medium and metabolite synthesis is
achieved in a suitable production medium, takes into account
the fact that fast-growing cells often are low-yielding ones. This
phenomenon has been observed for many cell cultures, and
two-stage culture may hence be regarded as a standard ap-
proach towards the establishment of productive cell culture
processes (93).

The two-stage concept was applied in an alter-
native approach using the biotransformation potential of Di-
gitalis lanata cells. This process takes advantage of the cells'
specific storage capacity for primary cardiac glycosides (70,
71). The primary glycoside of interest is deacetyllanatoside C,
the production of which involves two bioconversion steps,
namely 1 2(3-hydroxylation and 16' -O-glucosylation of digito-
xin.

Digitalis cells were propagated in a growth
medium and then transferred into production medium. Under
optimum conditions all of the substrate added was bio-
transformed after 12 days of incubation, yielding the main
product deacetyllanatoside C (88%) together with purpurea-
glycoside A, both of which accumulated in the cells (72, 73).

This process was successfully transferred to
the 20-litre scale (airlift bioreactor) where 13.2g deacetyl-
lanatoside C and 1.1 g purpureaglycoside A were produced
from 11.7 g digitoxin after 9 days of incubation (94) (Fig. 5).

The first commercial product derived from
plant cell culture is obtained from cultured Lithospermum ery-
throrhizon cells. Shikonin, which is produced in the roots of
Lithospermum erythrorhizon (Boraginaceae) is mainly used in
Japan for treating injuries, burns, and haemorrhoids, and as a
traditional silk dye. It takes about 4 years until Lithospermtun
plants can be harvested for shikonin isolation. The chemical
synthesis of shikonin has been reported, but since it took 12
reaction steps with a final yield ofjust 0.7%, chemical synthesis
is not economical at the present time (24).

In Japan, the Mitsui Petrochemical Industries
have succeeded in establishing a two-stage fermentation pro-
cess for the production of shikonin with suspension-cultured
Lithospermum erythrorhizon cells (74, 75). The cells are prolif-
erated in a propagation medium using a 200-litre stirred-tank
bioreactor as the culture vessel. Under these conditions the
cells fail to synthesize shikonin derivatives. When a sufficient
cell mass is produced the cells are inoculated, together with a
suitable production medium (76), into a 750-litre bioreactor
(Fig. 6). After 14 days of culture in the production medium the
cells are harvested and the red pigment is extracted from the
cultured cells.

One single run in a 750-litre fermentor yields
as much shikonin as 176,400 m2 fields of cultivated Lithosper-
mum erythrorhizon plants, and it was estimated that produc-
tion of shikonin using cell cultures is about 800 times more effi-
cient than with field-grown plants (24). Shikonin produced by
cultured Lithospermum cells has been used for cosmetics in
Japan since 1984.

A model process yielding the highest reported
production rates is the production of rosmarinic acid by Coleus
blumei (Lamiaceae) cells. In 1977, rosmarinic acid was first iso-
lated form cultured Coleus blumei cells (77, 78). Then, the cell-
culture group of the A. Nattermann Company (Koln, FRG) de-
veloped a process for the production of rosmarinic acid on a
large scale using Coleus blumei suspension cultures. It served
mainly as a model system for process optimization in the field
of plant cell culture technology. Detailed investigations into the
culture medium composition and its influence on cell growth
and product accumulation resulted in the formulation of two
different media, which were found conducive to either good cell
growth or rosmarinic acid production. A two-stage process was
developed, in the first stage of which Coleus blumei cells are
grown in a 42-litre airlift bioreactor (working volume 32 litres).
When the appropriate cell density is reached, about 30—50% of
the suspension are inoculated into a stirred-tank bioreactor
(working volume 32 litres). Using this two-stage procedure, as
much as 5.5g rosmarinic acid, representing 21% of the cells'
dry weight, were produced per litre suspension after 6 days of
cultivating the Coleus cells in the production medium (Fig. 7).

Ui
I—C
a,
U,0)0
0
C
0)0
C—
ciLi

9

6
t
0

60

a
40

I
20

'C

'C

0

01 3 5 7 9
Time (dl

Cells

Air Filtrate Air Filtrate

1st Stage 2nd Stage

Fig. 6 Flow-chart of two-stage fermentation of Lithospermum erythrorhizon
cells (after reference 24).
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In the meantime, Coleus blurnei cells were cul-
tivated in a 200-litre airlift bioreactor (140 litres working vol-
ume), where rosmarinic acid reached 12% of the cells' dry
weight at the end of the production cycle (79).

Morphological Differentiation as a
Prerequisite for Product Accumulation

One characteristic feature of all organisms is
that certain biochemical traits are only fully developed in
specific organs or during specific developmental stages. This
holds true in great measure for higher plants, where develop-
ment, morphological differentiation, and secondary meta-
bolism are closely connected. It has been reported repeatedly
that undifferentiated plant cell tissues, which do not produce a
certain metabolite, recover their synthetic capacity during
morphogenesis. This makes it clear that we must correct the
assumption that cell cultures, if to be used in bioreactor proces-
ses, have to be fine suspensions consisting of very small cell
aggregates or even single cells.

Coleus forskohlii (Lamiaceae) forms a series of
labdanes (80). One of these is forskolin, a compound which is
known to stimulate adenylate cyclase, leading to an increase in
cellular c-AMP level (81, 82). Forskolin is usually produced by
extraction from the roots of Coleus forskohlii plants.

Fine cell suspension cultures established from
different Coleus forskohlu plants were unable to produce fors-
kolin under the medium conditions necessary for optimum
growth and viability. However, by changing the phytohormone
balance in the medium, morphogenesis could be induced (83)
and it was found that cell aggregates forming small roots pro-
duced considerable amounts of forskolin (83, 84). The cultiva-
tion conditions were optimized with regard to medium com-
position and root induction period, and finally a product yield
of about 1 g/kg dry weight was achieved in experiments on the
shake flask level.

The whole process was then scaled up to the
20-litre airlift fermentor. Cells were cultivated for 14 d under
root-inducing conditions and were then transferred into the

bioreactor. The plant tissue produced and accumulated forsko-
un from days 5 through 15, after which production and cell
growth ceased. By the end of the fermentor run 134.3mg of
forskolin were produced, accumulating in the tissue in concen-
trations of about 730mg/kg dry weight (85). Finally, Coleus
forskohlii suspension cultures were scaled up to a 300-litre
bioreactor and at the end of a 17-day fermentation run about
325 mg of forskolin were produced.

Perspectives

There is no doubt that plant cell cultures are a
potential source of important secondary metabolites. We are
now at a stage where most of the technical problems concern-
ing the cultivation of plant cells on a large scale are solved.
However, there are only very few cell culture processes, that
have attracted industrial attention as yet. The main obstacle to
a more common use of fermentor-cultured plant cells in indus-
trial processes are biological problems and some of them will
be described briefly.

The most severe problem is that it cannot be
predicted whether the cells of a given plant species will produce
the compound of interest when cultivated in vitro. Strangely
enough, the very plant metabolites which are of the highest
economic interest cannot yet be produced by plant cell cultures.
Here, basic research is necessary concerning the enzymes in-
volved in biosynthetic pathways and the regulation of these en-
zymes on both the physiological and genetic level. Molecular
biology techniques have to be employed in investigations into
the biochemistry of natural product synthesis. It has to be
stressed that, in addition to the actual biosynthetic steps, other
processes like product degradation, transport, and storage
play important roles during the accumulation of plant secon-
dary metabolites, and hence have to be elucidated on the en-
zymatic and molecular level. Only after detailed investigations,
not just with model systems but with the plant species of
economic interest itself, can that "black box", the cultured plant
cell, be fully explored.

It was stressed that in the case of suspension-
cultured Coleus forkohlii cells, forskolin production was only
achieved with morphogenic, root-forming clumps (85). Similar
results were obtained in studies performed by Luckner and co-
workers (for a review, see 32), who demonstrated that em-
bryogenic cell clumps of Digitalis lanata can be cultivated in
airlift bioreactors where they produce up to 1.5 mg car-
denolides per litre.

Using these two examples, Coleus and Di-
gitalis, we can describe another important problem. The Col-
eus clumps produce a metabolite pattern very similar to that of
the Coleus forskohlii root, and hence a biotechnological pro-
cess using fermentor-cultured Coleus clumps may be substi-
tuted for the field-grown plant. Embryogenic cultures of Di-
gitalis, however, only synthesize cardenolides not used in
therapy (86). Besides the fact, then, that productivity would
have to be improved by a factor of 100 to 1000 before car-
denolides can be produced economically, the main shortcom-
ing of the Digitalis embryoid structures is thatthey produce the
"wrong" cardenolides.

Only recently, a series of reports indicated the
potential of Agrobacterium rhizogenes-transformed cells for
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Fig. 7 Two-stage process of rosmarinic acid production by Coleus blumei
cells (modified after reference 22).
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producing secondary metaholites (e.g. 87, 88, 89). In these
cases morphogenesis, namely the formation of hairy roots, was
a result of the incorporation of a piece of the microbe's DNA
into the genome of the plant cell. In the biosynthesis of natural
products normally produced in the roots of plants, this ap-
proach may yield a suitable culture material for the production
of secondary metabolites in bioreactors.

While we are talking in terms of the genetic
manipulation of plant cells, we should briefly discuss the poten-
tial of genetic engineering with regard to its application to re-
calcitrant cell cultures. Berlin (9) emphasized that enzymes
connecting primary and secondary pathways may play impor-
tant regulatory roles in the hiosynthesis of natural products. It
is therefore necessary to isolate these enzymes from the ap-
propriate source and characterize them. Investigations on the
molecular level into the expression of the respective enzyme in
both the synthesizing tissue and the non-productive cell culture
have to follow. As a result a strategy for overcoming the prob-
lem of non-producing cell cultures can be developed using the
genetic engineering toolbox. Since plant genes may be under
the control of promotors regulated by developmental factors,
one important step would be the construction of chimaeric
genes (90) composed of constitutive promotors of viral or bacte-
rial origin and the plant gene(s) responsible for the formation
of the respective enzyme. The gene construction would then
have to be introduced by means of a suitable vector, such as the
Ti-plasmid (91), into a non-producing cell culture, and its ex-
pression, i.e. enzyme synthesis, would have to be confirmed.

The production of shikonin by Mitsui Pet-
rochem. Ltd shows that plant cell culture has advanced beyond
a mere academic tool. The basic problems of cultivating plant
cells on a large scale have been solved, but now we find our-
selves in need of new insights into the fundamental question of
how to manipulate natural product biosynthesis in cultured
plant cells. This challenge has to be met by the scientist, whose
concern is the future use of plant cell cultures as a source of
plant secondary metabolites.
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