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Influence of Precursor Availability on Alkaloid Accumulation
by Transgenic Cell Line of Catharanthus roseus'
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We have used a transgenic cell line of Catharanthus roseus (L.) G.
Don to study the relative importance of the supply of biosynthetic
precursors for the synthesis of terpenoid indole alkaloids. Line S10
carries a recombinant, constitutively overexpressed version of the
endogenous strictosidine synthase (Str) gene. Various concentra-
tions and combinations of the substrate tryptamine and of loganin,
the immediate precursor of secologanin, were added to suspension
cultures of S10. Our results indicate that high rates of tryptamine
synthesis can take place under conditions of low tryptophan decar-
boxylase activity, and that high rates of strictosidine synthesis are
possible in the presence of a small tryptamine pool. It appears that
the utilization of tryptamine for alkaloid biosynthesis enhances
metabolic flux through the indole pathway. However, a deficiency
in the supply of either the iridoid or the indole precursor can limit
flux through the step catalyzed by strictosidine synthase. Precursor
utilization for the synthesis of strictosidine depends on the avail-
ability of the cosubstrate; the relative abundance of these precur-
sors is a cell-line-specific trait that reflects the metabolic status of
the cultures.

The tropical plant Catharanthus roseus (L.) G. Don (Apo-
cynaceae) produces TIAs of high medicinal and economic
value, such as ajmalicine, catharanthine, vindoline, and the
bisindoles vinblastine and vincristine. Cell cultures of C.
roseus have long been considered to be sources of medici-
nally important TIAs, but have suffered from their charac-
teristically low productivity (Verpoorte et al., 1993). The
optimization of medium composition, including the supply
of biosynthetic precursors, and genetic engineering are
among the various strategies that have been followed to
increase alkaloid production in vitro. The precursors for the
synthesis of TIAs are obtained from the shikimate and me-
valonate pathways, which supply the indole tryptamine and
the iridoid secologanin, respectively (Fig. 1). Tryptamine is
synthesized from Trp, a step catalyzed by TDC, whereas
secologanin is obtained from loganin, which is derived from
the monoterpenoid geraniol. The first committed step in the
biosynthesis of TIAs is the condensation of secologanin and
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tryptamine, catalyzed by STR, which results in the formation
of strictosidine, the universal precursor of TIAs.

There are numerous reports of experiments in which
precursors have been added to cell cultures of C. roseus.
The reported effects of feeding various indole and terpe-
noid building blocks are largely inconsistent. Exogenous
Trp has been reported to increase tryptamine content with-
out affecting TIA production (Mérillon et al., 1986; Facchini
and Di Cosmo, 1991); it has also been reported to cause a
nearly 3-fold increase in alkaloid production in one cell
line, and to reduce production in a daughter line (Zenk et
al., 1977). Exogenous Trp and tryptamine negatively af-
fected alkaloid accumulation in one study (Doller et al.,
1976), whereas tryptamine had a stimulating effect in an-
other (Krueger and Carew, 1978). Exogenous secologanin
has also been shown both to have no effect on and to
enhance alkaloid production (Zenk et al., 1977; Krueger
and Carew, 1978; Facchini and Di Cosmo, 1991; Moreno et
al., 1993). These apparently contradictory results under-
score the difficulties associated with the study of a complex
metabolic pathway.

We report a series of experiments designed to study the
effect of feeding precursors under conditions of high-STR
activity and iridoid availability. We have used cell line S10
of C. roseus, an experimental system in which flux through
the crucial metabolic step of strictosidine synthesis is al-
ways unimpeded. The patterns of alkaloid accumulation
and enzymatic activities of S10 are well characterized; S10
is a transgenic line that constitutively expresses the Str
gene at high levels, resulting in high STR activity and the
accumulation of large quantities of TIAs, including aj-
malicine, catharanthine, serpentine, and tabersonine (Canel
et al., 1998). We have thus been able to assess the relative
importance of the two pathways that converge at the STR-
catalyzed step and the influence of TDC activity on TIA
production.

MATERIALS AND METHODS
Culture Media and Components

MS58 (per liter) consisted of: Murashige and Skoog salts
(Murashige and Skoog, 1962), 0.1 g of myo-inositol, 0.4 mg
of thiamine, 2 mg of NAA, 0.2 mg of kinetin, and 30 g of
Suc; and PM consisted of: Murashige and Skoog salts de-

Abbreviations: PM, production medium; STR, strictosidine syn-
thase; TDC, Trp decarboxylase; TIA, terpenoid indole alkaloid.
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Figure 1. Biosynthesis of strictosidine in C. roseus.

void of phosphate and nitrate, 0.1 g of myo-inositol, 0.4 mg
of thiamine, and 80 g of Suc. Suc was purchased from
Duchefa (Haarlem, The Netherlands); salts, vitamins, and
hormones from Merck; loganin from Extrasynthese (Genay,
France); and tryptamine-HCI from Aldrich. Secologanin
with a purity of 96% was obtained from crude acetone
extracts of berries of Symphoricarpus sp. by elution from a
silica column (Kieselgel 60, Merck) with acetone:ethyl ace-
tate (Stevens, 1994).

Cell Lines and Culture Conditions

The transgenic cell line S10 was generated by
Agrobacterium-mediated transformation of leaves of Catha-
ranthus roseus (L.) G. Don, var Morning Mist (Blokker, The
Netherlands), as described previously (Canel et al., 1998).
The line carries a T-DNA constructed in binary vector
pMOG22 (Mogen, Leiden, The Netherlands), which confers
resistance to the antibiotic hygromycin, and contains a gus
reporter gene and a recombinant version of the endoge-
nous Str gene (accession no. X61932) under the control of
the strong constitutive cauliflower mosaic virus 35S pro-
moter. Line 510 was maintained in medium MS58 contain-
ing 50 mg/L hygromycin B for 4 months after its initiation
from transgenic callus in July 1995, and has since been
grown in antibiotic-free MS58. Wild-type line CRPM was
established from seeds of C. roseus in 1983. Lines were
maintained by periodic subculture (every 7-10 d) into
250-mL wide-mouthed Erlenmeyer flasks fitted with sili-
con foam stoppers (Shin Etsu, Tokyo, Japan) containing 50
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mL of liquid medium in a 1:2 to 1:4 ratio. Cultures were
placed on gyratory shakers (110-120 rotations per min) at
25 + 1°C, in continuous light (2000-3600 lux). To generate
sufficient biomass for inoculation of a large number of
flasks, cell cultures were sequentially scaled up to 0.5- and
2-L flasks containing 100 and 500 mL of MS58, respectively.
Cells in stationary phase (7-10 d old) were inoculated at the
rate of 5.0 = 0.1 g fresh weight per 50 mL of PM in 250-mL
flasks. Loganin and tryptamine were added from filter-
sterilized 100-mM solutions. Treated and control cultures
were harvested in duplicate or triplicate; extraction and
analysis were carried out after pooling the replicate samples.

Enzyme Assays

Soluble proteins were extracted from 350 mg of frozen
biomass by homogenization in 350 uL of extraction buffer
(0.1 m sodium phosphate, pH 7.0, 2 mm EDTA, and 4 mm
DTT) in the presence of 17.5 mg of polyvinylpolypyrroli-
done. Homogenization was performed in 1.5-mL mi-
crofuge tubes using hand-held plastic micropestles (Van
Oostermerssen, Rijswijk, The Netherlands). A clear super-
natant containing the enzymes of interest was obtained by
centrifugation of the homogenate at 16,000¢ at 4°C for 30
min. Protein concentration was determined using the
protein-staining reagent and 3550-UV Microplate Reader
(Bio-Rad) and BSA as the standard. The procedures to
assay the activities of STR and TDC have been described
(Pennings et al., 1987, 1989).

Detection of Alkaloids and Precursors

Tryptamine was extracted from 50 mg of freeze-dried
biomass using 5 mL of dichloromethane (Schripsema and
Verpoorte, 1992) and detected by HPLC (Van der Heijden
et al., 1987). Secologanin was extracted from 100 mg of
freeze-dried biomass by incubation in 2 mL of boiling
water for 2 min. Secologanin was quantified as strictosidine
by HPLC (Pennings et al., 1989), after in vitro conversion in
100 uL of 0.1 mm sodium phosphate, pH 6.8, containing
>15 pkat STR, 1 mm tryptamine, 1 mm EDTA, and 3 mm
DTT at 30°C for 30 min (D. Hallard and R. Van der Heijden,
unpublished data). For extraction of TIAs, 100 mg of
freeze-dried biomass was homogenized in 15 mL of abso-
lute ethanol. After centrifugation at 3,500¢ for 30 min, 10
mL of the extract was dried under reduced pressure, and
the residue was dissolved in 1 mL of 1 m H;PO,. Following
centrifugation of the acidic alkaloid solution at 16,000g for
5 min, 50 pL of the supernatant was analyzed by HPLC.
The identity of the analytes was established by photodiode-
array detection of their UV spectra (Van der Heijden et al.,
1987).

RESULTS

Control cultures of S10 showed the patterns of enzymatic
activity and alkaloid accumulation that are characteristic of
this highly productive line. TDC activity was induced upon
inoculation into PM, reaching maxima between d 3 and 5,
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and decreased to basal levels for the rest of the culture
period. STR activity was always very high (>500 pkat/mg
of soluble protein), ranging from 10 to 50 times the level
found in wild-type cultures. Inoculation into PM was fol-
lowed by a short lag period of about 3 d, during which the
relatively high amount of TIAs already present in the in-
oculum increased only slightly. The rate of accumulation
then increased until reaching a plateau around d 12.
Tryptamine content was highest during the first few days
of the production phase; it decreased rapidly as TIAs began
to accumulate, and increased slightly at the end of the
production period, when the rate of TIA accumulation
decreased. The addition of precursors did not affect the
growth of the cell cultures, as determined by measuring the
amount of biomass obtained at the end of the test period.
Control cultures reached 18.5 = 3.5 g dry weight L™' (n =
6), whereas treated cultures reached 18.6 = 3.1 g/L (n =
19); the dry weight to fresh weight ratio was always in the
range of 0.11 to 0.13. Loganin was chosen over secologanin
because the latter is inefficiently utilized for strictosidine
synthesis when added to the medium. Exogenous secolo-
ganin appears to be compartmentalized differently from
endogenous secologanin, including that synthesized from
exogenous loganin; in contrast, exogenous loganin is used
in toto by C. roseus (Naudascher et al., 1989a, 1989b).

The first experiment consisted of feeding 500 uM loganin
to a set of cultures either at the time of inoculation (d 0)
with harvesting on d 3, or on d 11 with harvesting on d 14.
Nonfed control cultures were harvested on d 3, 11, and 14.
Exogenous loganin had a depleting effect on tryptamine
content, which was equally dramatic on either of the two
feeding dates, and was accompanied by a 2- to 4-fold
increase in TIA content in the treated cells (Table I). The
steady-state level of tryptamine was a small fraction, in
molar equivalents, of the amount by which alkaloid con-
tent increased. From d 0 to 3, treated cells accumulated 126
umol/L TIAs, whereas the alkaloid content of the control
cultures increased only slightly; the difference in
tryptamine content between the two sets of cultures at the
end of that period was 6.8 umol/L. More strikingly, in the
3-d period between d 11 and 14, during which low levels of
tryptamine prevail, cells fed loganin on d 11 produced 140
umol/L TTAs more than control cells, whereas the differ-
ence between their tryptamine content was only 5.0
umol/L. Iridoids did not accumulate in any of the cultures.

Table 1. Effect of feeding loganin on tryptamine and TIA content of
cultured C. roseus cells

Treatment consisted of addition of 500 pum loganin. Triplicate
cultures were pooled upon harvesting and analyzed as single samples.

Tryptamine TIAs
Harvest
Control Treated Control Treated
d umol/L
0 3.9 — 39.2 —
3 7.9 1.12 42.5 164.8°
11 3.7 — 101.6 —
14 5.2 0.2° 123.7 263.6°

? Loganin added on d 0. " Loganin added on d 11.

B350 -

nmol TIAs /L

0 50 100 500 0 50 100 500 500
(control) {control) (L+T)
Figure 2. Effect of feeding loganin on TIA accumulation under con-
ditions of low tryptamine availability. White bars represent cultures
treated on d 0 and sampled on d 3; shaded bars represent cultures
treated on d 11 and harvested on d 14. The concentration of exog-
enously added precursors is expressed in micromoles. L+T indicates
that both loganin and tryptamine were added. Triplicate cultures
were pooled upon harvesting and analyzed as single samples.

For the second experiment, we used cell cultures of S10
showing a reduced capacity to synthesize tryptamine. We
have observed a significant correlation between culture
browning and low tryptamine biosynthetic capacity during
the course of experiments not related to precursor feeding.
Nine out of 12 independently initiated cultures harvested
at the onset of browning had a tryptamine content no
greater than 1.5 wmol/L (mean = 1.6 * 2.2 umol/L),
compared with a content of 6.8 = 1.3 umol/L measured in
healthy cultures. Culture browning results from the oxida-
tion of phenolic compounds. Browning is commonly asso-
ciated with increased flux through branches of the shiki-
mate pathway, leading to the synthesis of phenolic acids
and phenylpropanoids, which compete with the indole
branch for precursors and consequently impair the ability
of the cells to maintain a high rate of tryptamine synthesis.
We do not know the reason for the occasional spontaneous
browning of the cultures, a phenomenon that is not unique
to S10. Nevertheless, culture browning in S10 is valuable
for indicating the occurrence of reduced tryptamine bio-
synthetic capacity, which provides the opportunity to carry
out experiments under conditions of low tryptamine avail-
ability. The experiment was performed with 27 cultures,
which remained healthily colored, out of a total of 51 that
were started from the same inoculum. The remaining cul-
tures turned brown shortly after inoculation and were
discarded as browning developed. The healthy sister cul-
tures were divided into control and treated groups. The
TDC activity of the control cultures followed the normal
pattern of induction upon inoculation into PM. The level of
tryptamine dropped from 5.1 umol/L on d 0 to 0.4 umol/L
on d 3. Tryptamine content remained below 1.0 umol/L
thereafter, most notably at the end of the culture period
when the calculated rate of increase of TIA content was low
(<10 umol L™' d ). The reduced capacity to synthesize
tryptamine was most apparent during the 2nd week of
culture. Whereas addition of 50, 100, or 500 uM loganin on
d 0 increased alkaloid content, it did not have a significant
effect when done on d 11 (Fig. 2); rather, feeding loganin on
d 11 resulted in the accumulation of secologanin. Alkaloid
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content rose considerably when tryptamine was supplied
along with loganin (Fig. 2). Addition of tryptamine alone,
however, did not increase TIA content.

To investigate the influence of TDC activity on alkaloid
production, when secologanin supply is not limiting, an
experiment was performed in which one set of cultures was
kept under conditions of loganin abundance for the entire
production period. Two time courses of 14 d were carried
out: one with loganin-fed cells and the other without feed-
ing. Beginning on d 0, 200 um loganin was added daily to
a different set of flasks, which was harvested the following
day, along with a set of control, nonfed cultures. Alkaloid
accumulation was higher in fed cultures at all points dur-
ing the production test (Fig. 3A). Tryptamine content fol-
lowed the normal pattern, reaching a maximum of 2.4
umol/L on d 3 in control cultures and of 1.5 umol/L on d
2 in fed cultures. TDC activity also followed the normal
pattern and was very similar in both sets of cultures, indi-
cating that the presence of exogenous loganin did not affect
the amount of active enzyme in the cells. The daily increase
in alkaloid content showed a downward trend, which par-
alleled, but was not proportional to, the drop in TDC
activity. The difference in alkaloid content between control
and fed cultures was rather constant (67.4 = 9.3 umol/L),
and was not affected by fluctuations in tryptamine content
nor by changes in the level of TDC activity (Fig. 3B).
Feeding 200 uM tryptamine along with loganin did not
significantly increase alkaloid content relative to cultures
fed only loganin, whether performed at the beginning (d 2)
or near the end (d 10) of the culture period.
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Figure 3. Time course of alkaloid production (A) and TDC activity
(B) under normal conditions (O) and in the presence of 200 um
exogenous loganin (@). A, Daily difference in alkaloid content be-
tween treated and control cultures. Duplicate or triplicate cultures
were pooled upon harvesting and analyzed as single samples.
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Loganin utilization was generally low; only 25 to 35% of
the exogenous loganin was converted into alkaloids. Still,
loganin feeding was far more effective than secologanin
feeding. The capacity to utilize exogenous secologanin (500
uM) was tested in a small number of cultures, which
showed an increase in TIA content that was only 10% of
that achieved with loganin. Cultures of the wild-type line
CRPM were also supplied with precursors. CRPM does not
normally accumulate TIAs, but it did utilize exogenous
loganin for alkaloid production, even more so when fed
tryptamine concurrently. The alkaloid content of CRPM,
however, reached levels much lower than in the transgenic
line (<40 pumol/L), suggesting that other factors, possibly
including the characteristically low STR activity, limit its
biosynthetic capacity. The C. roseus cultures did not accu-
mulate tryptamine and secologanin concurrently; no evi-
dence of the existence of separate accumulation sites for
these precursors was thus obtained. Alkaloids were never
detected in the culture medium.

DISCUSSION

Thanks to the constitutively elevated levels of STR activ-
ity that characterize transgenic line S10, induction of the
indole and iridoid pathways can be readily detected in S10
cultures by measuring tryptamine and TIA content, and the
level of utilization of exogenous precursors. Induction of
tryptamine synthesis takes place very rapidly after transfer
to PM, whereas the iridoid pathway takes longer to become
fully activated. The rapid utilization of the small
tryptamine pool for TIA biosynthesis signals the flux of
iridoids through to the strictosidine synthesis step. High
rates of TIA accumulation can occur when TDC activity, a
measure of the amount of active enzyme present in the
cells, and tryptamine availability are low (Table I; Fig. 3).
This indicates that the rate of TIA biosynthesis depends on
the rapid turnover of tryptamine rather than on its accu-
mulation, and that high levels of TDC are not required for
this rapid turnover to occur. Under regular conditions
tryptamine accumulation, as well as the rate and degree of
TIA accumulation, are all independent of TDC activity; this
is also the case when iridoid precursors are abundant (Fig.
3B). Our results are consistent with the lack of correlation
between TDC activity and TIA biosynthesis generally
found in cell cultures (Knobloch and Berlin, 1983; Mérillon
et al., 1986; Eilert et al., 1987; Facchini and Di Cosmo, 1991;
Islas et al., 1994). Apparently, factors other than TDC ac-
tivity, such as the availability of Trp and secologanin, the
activity of other tryptamine-utilizing enzymes, and
tryptamine transport across the tonoplast, more strongly
influence flux through the indole pathway. However, it has
been reported that TDC activity in developing seedlings of
Cinchona ledgeriana increases after a large pool of Trp has
formed, and falls to undetectable levels once the Trp has
been converted into tryptamine (Aerts et al.,, 1990), sug-
gesting that, unlike in cell cultures, precisely timed changes
in the level of TDC activity do play a role in alkaloid
biosynthesis in the intact plant.
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The utilization of tryptamine for TIA production appears
to induce the cells to synthesize more tryptamine. Control
cells that were not accumulating large amounts of alkaloids
at the end of the production period did not show high
tryptamine content, but their capacity to rapidly synthesize
tryptamine became apparent upon addition of loganin.
Tryptamine has been proposed to feedback inhibit TDC
activity (Noé et al., 1984); its utilization may therefore have
a de-inhibitory effect. We consistently detected similar lev-
els of TDC activity in cells that were actively synthesizing
alkaloids and cells that were not. The possibility that any
positive influence that tryptamine utilization may have on
flux through the indole pathway affects an earlier step
leading to increased Trp availability merits further study.

Our results, particularly those obtained when using the
tryptamine-deficient cultures (Fig. 2), show that an abun-
dant supply of both precursors, tryptamine and secologa-
nin, must exist for high rates of strictosidine synthesis to
occur. Exogenous loganin increases alkaloid content when
tryptamine is not limiting; addition of loganin causes the
rapid utilization of tryptamine, at which point addition of
tryptamine may have a positive effect. Loganin deficiency
is limiting when tryptamine is abundant, and vice versa.
This model accounts for the observations reported in the
literature, except for the occasional negative effects of Trp
and tryptamine on TIA accumulation, and accurately pre-
dicts the outcome of our experiments. The relative rate of
biosynthesis of tryptamine and secologanin, and therefore
also the limitation in the supply of either precursor, are
cell-line-specific phenomena. The effect of feeding precur-
sors depends on the metabolic status of the subject cell line,
which is a function of a large number of variables that
affect the steady-state concentration of a particular metab-
olite. Cell cultures will thus constitute more useful exper-
imental systems when at least some of those variables can
be assigned a value. The influence of the shikimate path-
way on TIA biosynthesis will be more fully understood if
we are able to manipulate relevant enzymatic activities in a
high-STR-activity background, such as found in S10, under
conditions of iridoid abundance. A number of genes en-
coding enzymes of the shikimate pathway are available
from other plant species, constituting starting points to
further study TIA biosynthesis in C. roseus.
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