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bstract

To achieve a better understanding of the metabolism and accumulation of taxol and baccatin III in cell cultures of Taxus, three cell lines (I, II and
II) of T. baccata were treated (on day 7) with several concentrations of fosmidomycin (100, 200 and 300 �M), an inhibitor of the non-mevalonate
ranch of the terpenoid pathway, or mevinolin (1, 3 and 5 �M), an inhibitor of the mevalonate branch, in both cases in presence and absence of
00 �M methyl jasmonate (MeJ). They were compared with lines treated only with the elicitor MeJ as well as an untreated control with respect
o growth, viability and production of taxol and baccatin III. The results show that the cell line type was an important variable, mainly for taxane
ccumulation. The blocking effect of fosmidomycin on taxane production was significantly greater than that of mevinolin in all the cell lines,
learly suggesting that the isopentenyl diphosphate (IPP) used for the taxane ring formation was mainly formed via the non-mevalonate pathway.
owever, the significant reduction in the content of taxol (on average 3.8-fold) and baccatin III (on average 4.3-fold) in line I when treated with the

licitor together with mevinolin concentrations of 5 and 1 �M, respectively, also suggests that both non-mevalonate and mevalonate pathways are

nvolved in the biosynthesis of the two taxanes as a result of cytosolic IPP and/or other prenyl diphosphate transport to the plastids. The observation
hat the inhibitory effect of fosmidomycin or mevilonin on taxol and baccatinn III yield does not interfere with methyl jasmonate elicitation is
iscussed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Taxol is a highly substituted, polyoxygenated cyclic diter-
enoid characterised by the taxane ring system, which presents
very intense antitumoral activity. As the supply of taxol from
ature is very limited, methods have been developed for the
emisynthesis of taxol from related taxanes, such as baccatin III
1], present in substantial quantities (from 0.2 to 1 g/kg) in the
eaves of the European yew, Taxus baccata, and other yews (e.g.
imalayan yew, Taxus wallichiana), which is a renewable start-

ng material. However, this methodology requires the continued

se of precursors from natural sources and significant amounts
f solvents, both of which present environmental problems.

∗ Corresponding author. Tel.: +34 93 402 44 92; fax: +34 93 402 90 43.
E-mail address: mtpinol@ub.edu (M.T. Piñol).
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Another alternative for obtaining taxol and its synthetically
seful progenitors is plant cell culture. Cell suspension [2–5] or
ell immobilised systems [6,7] can provide an environmentally
riendly way to produce taxol and enhance its productivity. The
omplex chemical structure of taxol means that total chemical
ynthesis is not commercially viable at present, and an efficient
nd economical supply of the drug must rely on biological pro-
uction systems for the foreseeable future [8]. Up-regulation of
he taxol biosynthetic pathway by overexpression of selected
enes in Taxus cells can potentially address the supply issue.
n all cases, improving the biological production yields of taxol
epends critically upon a detailed understanding of the biosyn-
hetic pathway.

In plants, isopentenyl diphosphate (IPP), the universal pre-

ursor of terpenoids, is synthesized either via the classical
ytosolic mevalonate pathway or via the non-mevalonate plas-
id 1-deoxy-d-xylulose-5-phosphate/2-C-methyl-d-erytritol 4-
hosphate (MEP) pathway [9]. Whereas the IPP derived from

mailto:mtpinol@ub.edu
dx.doi.org/10.1016/j.bej.2006.10.016
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[27]. Criteria for identification included retention time, UV spec-
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he mevalonate pathway is generally used in the biosynthesis
f sesquiterpenes, phytosterols and triterpenes, the IPP derived
rom the MEP pathway is employed in the biosynthesis of
onoterpenes, diterpenes and tetraterpenes. According to Eisen-

ich et al. [10], the IPP involved in the biosynthesis of the taxane
ing, which has a diterpenic structure, is formed through the non-
evalonate pathway. However, other work [11,12] shows that
hen Taxus plants are supplied with labelled mevalonate, high

ates of radioactively labelled taxol are obtained. Furthermore,
ur recently obtained results using a Taxus media cell suspension
upplemented with mevalonate suggest that both biosyn-
hetic routes could be involved [4]. Therefore, although many
esearchers have shown that diterpenes are synthesized via the
on-mevalonate pathway in different systems [13,14], it might
e a mistake to accept this as the general route. According to
dam and Zapp [15], a distinct division between the mevalonate

nd non-mevalonate pathways may not always exist for a given
nd-product because the biosynthesis of certain plant terpenoids
ppears to involve both routes. The involvement of the two path-
ays may be a result of the transport of prenyl diphosphate inter-
ediates between the different sites of terpenoid biosynthesis

16,17].
Considering that IPP is not only an essential precursor but also

he first intermediate in taxane biosynthesis, it is important to
lucidate its source in this process in order to know to what extent
he cytosolic mevalonate and plastid MEP (non-mevalonate)
athways contribute to the formation of the taxane ring system of
axol and baccatin III in Taxus cell cultures. In this context, it is of
nterest that mevinolin and fosmidomycin are two inhibitors that
lock the mevalonate and non-mevalonate pathways, respec-
ively. Mevinolin (6�-methylcompactin) is a compound belong-
ng to the statins group, which competitively inhibits the binding
f natural substrate hydroxymethylglutary-CoA (HMGCoA)
o the active site of the enzyme hydroxymethylglutary-CoA
eductase (HMGR), and, consequently blocks the synthe-
is of cytosolic IPP [18]. Fosmidomycin, an antibiotic,
erbicidal and antimalarial compound, is an inhibitor of
he 1-deoxy-d-xylulose 5-phosphate reductoisomerase (DOXP
eductoisomerase) blocking the plastid non-mevalonate pathway
19].

In this study, using three different cell lines of T. baccata,
he dependence of methyl jasmonate-induced and non-induced
axol and baccatin III production on IPP derived from the

evalonate and non-mevalonate pathways was detected
y selectively blocking the IPP biosynthesis with specific
nhibitors. The effects of the inhibitors were analysed in terms
f cell growth, cell viability and content of taxol and baccatin
II.

. Materials and methods

.1. Cell lines and culture conditions
The cell lines I–III of T. baccata used in this study were
stablished from stable callus lines as reported earlier [20]. The
ines were maintained in 175-ml flasks (Sigma, St. Louis, MO)
n the dark at 25 ± 0.2 ◦C and 100 ± 1 rpm in a shaker-incubator

t
b
d
(

ering Journal 33 (2007) 159–167

Adolf Kühner AG, Schweiz). Every 10–12 days, 1 ± 0.2 g
f cells were used as inoculum in 10 ml of Gamborg’s B5
edium [21] with 0.5% sucrose + 0.5% fructose, 2 mg l−1 of
AA and 0.1 mg l−1 of BAP (growth medium), which has
reviously been demonstrated as optimum for T. baccata cell
rowth [22]. All flasks were capped with Magenta B-Caps
Sigma).

In order to obtain high levels of taxol and baccatin III in our
ell lines, which was necessary to more clearly discern the effect
f the specific inhibitors fosmidomycin and mevinolin, and
onsidering that the taxol production in Taxus cell cultures takes
lace mainly when the lineal growth phase has finished and
he culture is in its stationary growth phase [23,24,4], 2 ± 0.2 g
et weight of cells grown for 12 days in the growth medium

the length of time necessary for them to enter the stationary
rowth phase) were transferred to 10 ml of B5 medium with
% sucrose, 2 mg l−1 of Picloram and 0.1 mg l−1 of kinetin
production medium), which had previously been selected as
ptimum for both taxol and baccatin III yield of T. baccata cells
22]. They were then cultured for 28 days either with 100 �M
ethyl jasmonate (MeJ), or without the elicitor (control),

r with different concentrations of fosmidomycin (100, 200
nd 300 �M) or mevinolin (1, 3 and 5 �M) in presence and
bsence of the elicitor. Prior to application, methyl jasmonate
Sigma) was dissolved in ethanol [25], and both fosmidomycin
Invitrogen) and mevinolin (Fluka) were dissolved in cultivation
edium. All compounds were sterilized by filtering through

.22 �m sterile filters (Millipore) and added at 7 days of culture
f the cell lines in the production medium to give the final
oncentrations considered. For analysis, six flasks from each
reatment were harvested also at day 7 and then at days 14, 21
nd 28.

.2. Biomass accumulation and viability assay

Fresh weight was determined by suction filtering of sus-
ension cultures using Miracloth filters (Calbiochem, CA).
hen the cells were lyophilised to obtain dry weight and
nalysed to determine their content of taxol and baccatin III.
ell viability was studied by the fluorecein diacetate staining

echnique [26]. The cells (0.2 g wet weight) were incubated in
resh production medium (5 ml) containing fluorecein diacetate
0.1 mg ml−1) for 30 min and then observed in a fluorescence
icroscope.

.3. Taxol and baccatin III measurements

Taxanes were extracted from lyophilised cells and the cul-
ure medium as described by Cusidó et al. [20]. Quantification
f paclitaxel and baccatin III was performed by high perfor-
ance liquid chromatography (HPLC) as described in our paper
ra, co-chromatography with standard and peak homogeneity
y photo-diode array detector when spiked with authentic stan-
ard. Taxol and baccatin III were provided by Hauser Chemicals
USA).
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. Results and discussion

.1. Effects on cell growth

The time courses of growth of three T. baccata cell lines
n their initial stationary growth phase cultured in a selected
roduction medium, either without an elicitor (control) or with
00 �M MeJ, are shown in Fig. 1, together with the growth pat-
erns resulting from the addition of different concentrations of
he inhibitors fosmidomycin (100, 200 and 300 �M) or mevi-
olin (1, 3 and 5 �M) in presence and absence of MeJ. As
an be seen, in control conditions the cell biomass of the cell
ines, expressed as grams of fresh weight, increased very slightly
uring the 28 days of culture. Cell line I presented the lowest
rowth since it increased by only 36% with respect to the inocu-
um, achieving its highest biomass at the end of the experiment
1.36 g) with a growth rate of 0.013 day−1. Cell lines II and
II achieved their highest biomass after 21 days of culture, cell
ine III showing the highest growth capacity of 1.88 g (88%
igher than the inoculum), which corresponded to a growth rate
f 0.04 day−1. The addition of 100 �M MeJ to the medium pro-
uced hardly any differences in growth in the three cell lines

maximum of 4%), which corresponds with a previous observa-
ion in T. media cell suspensions treated with the same elicitor
oncentration [4]. Although some researchers have indicated

c
o
M

ig. 1. Time courses of biomass accumulation in T. baccata cell lines. Cells in their in
edium for the yield of taxol and baccatin III, either with 100 �M methyl jasmonate, o

100, 200 and 300 �M) or mevinolin (1, 3 and 5 �M) in presence and absence of the
noculum consisted of 100 g of cells l−1. F, fosmidomycin; M, mevinolin; MeJ, methyl
ering Journal 33 (2007) 159–167 161

hat 100 �M MeJ negatively affects cell growth, it has been
bserved that different plant cell lines respond in different ways
o elicitor treatment [28] and that MeJ has contradictory effects
n the growth of cell cultures [25].

These relatively small increases of biomass suggest that the
hree cell lines cultured with or without MeJ remained in a
tate of stationary growth throughout the culture period consid-
red, which was satisfactory for our aims, since this is when the
iosynthesis of taxol mainly takes place in Taxus cell cultures.
s cells in stationary growth are characterised by limited rates
f division, it has been considered that products from primary
etabolism accumulate and/or become available for secondary
etabolite production [29].
As shown in Fig. 1, the growth pattern of cultured cell

ines was changed by the addition of different concentrations
f fosmidomycin (100, 200 and 300 �M), either with or without
00 �M MeJ. Thus, whereas the highest biomass in lines treated
nly with MeJ or grown in control conditions was achieved
fter 21 days of culture, when fosmidomycin was added to
he medium the highest growth was observed after 14 days.
owever, none of the tested fosmidomycin concentrations sig-
ificantly (p ≤ 0.01; t-test) affected the growth capacity of the

ell lines. With respect to the addition of different concentrations
f mevinolin (1, 3 and 5 �M), either with or without 100 �M
eJ, as Fig. 1 shows, the inhibitory effect on cell growth was

itial stationary growth phase were cultured for 28 days in a selected production
r without the elicitor (control), or with different concentrations of fosmidomycin

elicitor. The different treatments were initiated on day 7, and in all cases the
jasmonate. Data represent average values from six separate experiments ± S.D.
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nly clearly noticeable in cell lines II and III. In presence of the
licitor the average inhibition was 15.2% and 21.7%, respec-
ively, and in its absence 20% and 31.3%, respectively. On the
ontrary, none of the mevinolin concentrations had much affect
n the growth capacity of cell line I, suggesting that this line
as less sensitive or more resistant to the effect of the inhibitor.
rom these results it may be inferred that under the conditions
f this work, the biomass was affected to a greater degree by the
ell line type and composition of the culture medium than by
he presence of the inhibitors. In contrast, Hemmerlin et al. [30]
ave reported that the treatment of tobacco Bright Yellow-2 cells
y both fosmidomycin and mevinolin leads to growth reduction,
lthough the former has much less effect. Taking into account
hat we have studied a different species, our contrasting results

ay also be partly due to the initial stationary growth phase of
ur T. baccata cell lines and that they were grown in a selected
roduction medium promoting taxol and baccatin III production
ut not cell growth.

.2. Effects on cell viability

Given that the different concentrations of fosmidomycin
100, 200 and 300 �M) or mevinolin (1, 3 and 5 �M) did not
roduce significant differences (<10%) among the viability per-
entages of our cell lines, grown either with or without 100 �M
eJ in the production medium, the corresponding values in

able 1 represent the average of viability percentages obtained
or the three concentrations used of each inhibitor, both with and
ithout the elicitor. Additionally, since the different treatments
ere initiated at day 7 of the culture, the viability percentage
alues obtained on this day were taken as a reference.

As can be seen in Table 1, the highest viability, after 7 days of

ulture without MeJ (control), corresponded to cell line II (75%),
nd the lowest to cell line I (55%). These viability levels were
aintained or decreased very slightly during the culture period

onsidered (28 days). The addition of 100 �M methyl jasmonate

t
f
p

able 1
omparison of cell viability in T. baccata cell lines

ays Cell line Control Methyl jasmonate

I 55 –
II 75 –
III 65 –

4 I 60 39
II 70 69
III 63 60

1 I 50 35
II 70 67
III 60 50

8 I 48 38
II 69 66
III 57 55

ells in their initial stationary growth phase were cultured for 28 days in a selected
ethyl jasmonate, or without the elicitor (control), or with different concentrations of

nd absence of the elicitor. The different treatments were initiated on day 7, and in all
iability percentages obtained in each case for the three inhibitor concentrations in pr
, mevinolin; MeJ, methyl jasmonate.
ering Journal 33 (2007) 159–167

o the production medium did not significantly (p ≤ 0.01) change
he viability in lines II and III, but line I presented a decrease of
6%, 30% and 22% at days 14, 21 and 28, respectively. As cell
ine I presented the highest taxol accumulation (see Fig. 2), in
greement with previous observations [5], this decrease in cell
iability might be due to an increase of taxane accumulation
ather than being a direct effect of the elicitor treatment.

When fosmidomycin and mevinolin were added to the cul-
ured cell lines in presence or absence of 100 �M MeJ, the cell
iability decreased only in lines II and III. This reduction of via-
ility, reflected in the decrease in cell growth (see Fig. 1), was
reater with the addition of mevilonin. Since the latter blocks the
evalonate pathway leading to cytosolic IPP, the reduction of

rowth and viability caused by its addition to the culture medium
ould be a consequence of a decrease in some growth-related
erpenoids, such as �-sitosterol and stigmasterol (the two major
hytoesterols with primary roles in membrane architecture [31]),
ormed directly from the cytosolic IPP.

.3. Effects on taxol and baccatin III production

The time course of total content (cell-associated +
xtracellular) of taxol and baccatin III of the three different cell
ines cultured in their initial stationary growth phase in a spe-
ific production medium was followed for 28 days in the various
reatments, adding the inhibitors fosmidomycin and mevinolin
ither with or without 100 �M MeJ, or adding only the elicitor,
r nothing at all (control). Since the different treatments were
nitiated on day 7 of the culture, these contents were determined
n this day and then weekly until the end of culture period.

.3.1. Utilization of fosmidomycin as an inhibitor

Regarding the taxol production at day 7 in control condi-

ions (Fig. 2), cell line I was the most productive (7.0 mg l−1),
ollowed by lines III (4.0 mg l−1) and II (3.1 mg l−1). The taxol
roduction of cell line I clearly decreased during the experiment,

Fosmidomycin MeJ + F Mevinolin MeJ + M

– – – –
– – – –
– – – –

62 58 57 50
58 54 50 47
54 51 45 42

64 56 58 53
48 45 42 39
46 42 40 40

65 59 56 55
60 59 40 35
48 38 41 40

production medium for the yield of taxol and baccatin III, either with 100 �M
fosmidomycin (100, 200 and 300 �M) or mevinolin (1, 3 and 5 �M) in presence
cases the inoculum consisted of 100 g of cells l−1. Data represent the average of
esence and absence of elicitor from six separate experiments. F, fosmidomycin;
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Fig. 2. Comparison of total content (cell-associated + extracellular) of taxol and baccatin III in T. baccata cell lines using fosmidomycin as the inhibitor. Cells in
their initial stationary growth phase were cultured for 28 days in a selected production medium for the yield of taxol and baccatin III, either with 100 �M methyl
j fosm
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asmonate, or without the elicitor (control), or with different concentrations of
ifferent treatments were initiated on day 7, and in all cases the inoculum cons
ata represent average values from six separate experiments ± S.D.

eing 42% lower at the end of the culture than on day 7. The
roduction pattern of lines II and III differed from that of line I
n that the taxol yield was at its highest (line II) or had decreased
nly slightly (line III) at the end of the experiment.

From Fig. 2, it can also be seen that the addition of 100 �M
eJ to the production medium increased the taxol accumulation

n the three cell lines studied, although this increase depended on
ulture age and to a higher degree on line type. In line I, the high-
st taxol accumulation (8.8 mg l−1) was obtained 7 days after the
licitor addition (that is, day 14), being 24.5% higher than in the
ontrol. The highest taxol yields of lines II (5.7 mg l−1) and III
4.7 mg l−1) were achieved at the end of the culture period (day
8), the levels being 35% and 24% higher, respectively, than in
he control. Our results agree with those obtained by Eilert et al.
32], who postulate that the response of cell cultures to elicitation
ith MeJ differs according to the cell line considered.
The effect of fosmidomycin on the total taxol content of cell

ines simultaneously induced by 100 �M MeJ is also depicted
n Fig. 2, which shows that the higher the concentration of fos-

idomycin, the more severe was the inhibition of taxol. The
ost marked reduction in taxol yield was observed in cell line I,
hich was the most productive. Its total taxol content after 14,
1 and 28 days of culture in presence of 300 �M fosmidomycin

as 22.8, 7.0 and 3.7 times lower, respectively, than the values

chieved when only induced by 100 �M MeJ. In presence of
he same fosmidomycin concentration (300 �M), cell lines II
nd III lowered their taxol yield after 14, 21 and 28 days, 5.3-,

t
t
t
g

idomycin (100, 200 and 300 �M) in presence and absence of the elicitor. The
of 100 g of cells l−1. F, fosmidomycin; M, mevinolin; MeJ, methyl jasmonate.

.8- and 2.9-fold, and 3.8-, 4.5- and 4.2-fold, respectively, when
ompared with the values achieved in presence of 100 �M MeJ
lone.

Considering that fosmidomycin is a specific inhibitor of
OXP reductoisomerase and that it consequently blocks the

ynthesis of plastidic IPP involved in the formation of the
axol–taxane ring, from the above results it can be presumed that
he translocation of IPP from cytosol to the plastids was involved
n the taxol biosynthesis in our cell lines, as in no case was this
ompletely inhibited. In comparison, it has recently been shown
n Capsicum chromoplasts that 100 �M fosmidomycin com-
letely inhibits the conversion of labelled 1-deoxy-d-xylulose
-phosphate (DOXP) into the tetraterpene �-carotene [33]. Our
resumption is supported by the fact that in the non-elicited lines,
lthough the addition of the inhibitor (Fig. 2) resulted in a signif-
cantly (p ≤ 0.01) reduced taxol yield, it was never completely
nhibited. According to Fellermeier et al. [33], fosmidomycin
nhibits the formation of terpenoids from DOXP, whereas it does
ot affect the conversion of IPP into terpenoids.

Moreover, when comparing the taxol concentration of the
licited and non-elicited cell lines, in both cases in the pres-
nce of fosmidomycin (Fig. 2), it can be seen that the total taxol
ontent was clearly higher in the former, which indicates effec-

ive elicitation by MeJ. In this context, it is worth noting that
he favorable effect of this elicitor on taxol biosynthesis is due
o the activation of enzymes located at the cyclization step of
eranyl-geranyl diphosphate to taxa-4(5), 11(12)-diene or fur-
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64 R.M. Cusidó et al. / Biochemical E

her down the pathway [25–34]. Due to the dependence of plastid
PP uptake on IPP concentration [16], it can be assumed that
he IPP translocation and the taxol production of our cell lines,
hen cultured in the presence of fosmidomycin, depended on

he cytoplasmic IPP concentration, and simultaneous induction
y 100 �M MeJ.

Regarding the total baccatin III content achieved by the three
tudied cell lines in control conditions (Fig. 2), it was generally
ower than the total taxol content. The most taxol-productive cell
ine, line I, presented baccatin III levels four- to six-fold lower
han those of taxol throughout the culture period. The addition
f 100 �M MeJ to the production medium also activated the
accatin III production. At its highest (after 28 days of culture),
he baccatin III yield achieved by the elicited cell lines I, II
nd III was, respectively, 2.7-, 2.7- and 1.9-fold greater than in
he same lines without elicitation. The cell line most induced
or baccatin III production by MeJ was line II, which after 14
nd 21 days of elicitation (21 and 28 days of culture) achieved
evels of up to 9 and 10 mg l−1. It is of interest that, in relation
o the control (without MeJ), the increase of both taxanes was
onsiderable, but what is more significant is that taxol increased
ore than baccatin III in the case of line I and vice versa in line

I. On the basis of previously reported studies by Yukimune et
l. [25], this fact suggests that in line I MeJ contributed to taxol
roduction not only by activating the biosynthetic steps from
eranyl-geranyl diphosphate to baccatin III, but also those from
accatin III to taxol.

The yield of baccatin III, like that of taxol, was markedly
educed by the addition of fosmidomycin together with 100 �M

eJ to the production medium, especially at the concentrations
f 200 and 300 �M. However, the response to this inhibitor also
learly depended on the cell line considered. Thus, cell line I
resented the greatest sensitivity to the fosmidomycin action, its
accatin III levels being reduced by up to 9.8-, 11.5- and 13-fold
t days 7, 14 and 21 after the addition of 300 �M fosmidomycin.
he lowest decrease of baccatin III content was observed in cell

ine II, its production falling during the same culture period
y only 3.9-, 10.8- and 3.0-fold, respectively, even when the
nhibitor was added at its highest concentration. Cell line III
resented an intermediate sensitivity.

When comparing the concentration of baccatin III of the
licited and non-elicited lines in presence of fosmidomycin
Fig. 2), it can be seen that, as for taxol, the total content was
lways higher in the elicited lines. Aside from indicating effec-
ive elicitation by MeJ, this clearly suggests that fosmidomycin
cts as a specific inhibitor of the non-mevalonate pathway pro-
ucing IPP but without affecting the conversion of IPP into the
forementioned taxanes. At the same time, the fact that the addi-
ion of the inhibitor in non-elicited lines significantly (p ≤ 0.01)
educed but did not completely inhibit the baccatin III yield,
upports the observation that in our cell lines the translocation
f IPP from cytosol to plastids was also involved in baccatin III
iosynthesis.
.3.2. Utilization of mevinolin as an inhibitor
As previously mentioned, mevinolin competitively inhibits

he binding of the natural substrate hydroxymethylglutary-CoA

f
a
r
I

ering Journal 33 (2007) 159–167

o the active site of the enzyme hydroxymethylglutary-CoA
eductase, and consequently, blocks the synthesis of cytoso-
ic IPP. Thus, if cytosolic IPP transport to the plastids is
nvolved in the biosynthesis of the taxane ring of taxol and
accatin III, the presence of mevinolin should have inhib-
ted the synthesis of both taxanes in our T. baccata cell
ines.

With respect to taxol, it is evident that in line I the addition
f 1, 3 or 5 �M mevinolin to the production medium, with or
ithout 100 �M MeJ, resulted in a notable inhibition of its total

ontent throughout the culture period (Fig. 3). As can be seen,
ompared with the values achieved when line I was treated by
he elicitor alone, the average decrease in taxol was 2.9-, 3.3-
nd 3.8-fold, respectively, and compared to the line grown in
ontrol conditions (without the elicitor), the average decrease
as 2.9-, 3.3- and 3.7-fold, respectively. However, in contrast
ith the marked reduction of taxol accumulation observed

n all three lines when treated with fosmidomycin, both with
r without the elicitor (see Fig. 2), the addition of mevinolin
urprisingly resulted in higher taxol values in line II at the end
f the culture (28 days), while the reduction in line III was less
arked. The increase in taxol in line II was particularly notable
hen treated with 100 �M MeJ and the highest mevinolin

oncentration. In agreement with previous observations [35],
his might be ascribed to a mevinolin tolerance of the cell line,
hich, consequently, might result in a much higher cytoplasmic

PP concentration, particularly at the end of the culture.
ell cultures of Solanum xanthocarpum selected for their
nhanced tolerance to mevinolin exhibit an HMGR enzyme
ctivity 2.5-fold higher than normal cell lines, and the author
uggests a probable amplification of HMGR in the presence of
evinolin as the underlying cause [36]. Our data agree with this

uggestion, although much remains to be tested to validate this
nterpretation.

In contrast to its effect on taxol, mevinolin notably reduced
he total baccatin III content in the three lines cultured in pres-
nce of 100 �M MeJ. In comparison with the content of lines
rown only with the elicitor, it was, on average, 4.3-, 2.3- and 2.0-
old lower in the presence of 1, 3 or 5 �M mevinolin, respectively
Fig. 3). However, with respect to the values in the control con-
itions, the total baccatin III content of line II remained largely
nchanged in presence of mevinolin alone, and was always
ignificantly (p ≤ 0.01) higher in the presence of the inhibitor
ogether with 100 �M MeJ. These results support the previous
bservation that under our cultivation conditions, cell line II was
olerant to mevinolin.

On the other hand, as observed with fosmidomycin (Fig. 2),
hen comparing both taxol and baccatin III concentration in the

licited and non-elicited lines treated with mevinolin (Fig. 3),
otal content was clearly higher in the elicited lines, which con-
equently also indicates effective elicitation by 100 �M MeJ.
his was particularly evident for line II, which presented levels
f total taxol and baccatin III that were, on average, 1.8- and 3.6-

old lower when growing with mevinolin alone. Considering the
forementioned mevinolin tolerance of this cell line, from these
esults it could also be deduced that its higher taxol and baccatin
II contents were a consequence of higher IPP cytoplasmic
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Fig. 3. Comparison of total content (cell-associated + extracellular) of taxol and baccatin III in T. baccata cell lines using mevinolin as the inhibitor. Cells in their
initial stationary growth phase were cultured for 28 days in a selected production medium for the yield of taxol and baccatin III, either with 100 �M methyl jasmonate,
or without the elicitor (control), or with different concentrations of mevinolin (1, 3 and 5 �M) in presence and absence of the elicitor. The different treatments were
initiated on day 7, and in all cases the inoculum consisted of 100 g of cells l−1. F, fosmidomycin; M, mevinolin; MeJ, methyl jasmonate. Data represent average
v
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oncentration. It should be noted that according to Soler et
l. [16], the IPP uptake into the plastids depends on the IPP
oncentration.

. Conclusions

Using three different cell lines of T. baccata, induced or not
y MeJ, and several concentrations of the specific inhibitors
osmidomycin and mevinolin, we set out to study the dynam-
cs of taxol and baccatin III production and their dependence
n IPP derived from the classical mevalonate pathway in the
ytosol and the alternative MEP pathway in plastids. Among
he literature about the translocation of IPP from the cytosol to
lastids for the taxane ring biosynthesis, the work of Srinivasan
t al. [23] suggests that IPP formed through the mevalonate path-
ay could collaborate in the taxol production during the early
rowth phase of Taxus cells. On the contrary, Wang et al. [37],
fter supplementing two translocator inhibitors to T. chinensis
ell suspensions, proposes that IPP translocation through plas-
idic membranes only takes place in the late growth phase of
ulture. However, to our knowledge, with the exception of our
reliminary study [22], there is no information about the reduc-

ion of taxane production in Taxus cell cultures caused by the
wo metabolic inhibitors.

On the basis of our results, it can be inferred that the cell
ine type was an important variable for taxol and baccatin III

n
t
c
r

roduction, but the biosynthesis of both taxanes was reduced
y fosmidomycin to a much greater extent than mevinolin, irre-
pective of the presence of 100 �M MeJ. These results show
hat the biosynthesis of the IPP responsible for the taxane ring
ormation takes place mainly via the non-mevalonate pathway,
hich fosmidomycin blocks. However, since the taxane produc-

ion also decreased in cultures treated with mevinolin, it would
eem both pathways are involved, suggesting that cytosolic IPP
s transported to the plastids to be used as a precursor of the
axane ring. In such a case, IPP and/or other prenyl diphos-
hates need to pass through the plastid membranes. Soler et al.
16] have shown that plastids of Vitis vinifera are capable of
ytoplasmic IPP uptake, and De-Eknamkul and Potduang [38]
ave reported that the isoprene units used for the synthesis of
hytosterols in Croton sublyratus callus cultures have a double
rigin, suggesting an active exchange between the plastidial and
ytosolic compartments. The studies of McCaskill and Croteau
17] also provide evidence for a significant amount of exchange
f IPP or other prenyl diphosphates between subcellular com-
artments, depending on the tissues, the development stage of
nvolved cells and the plant culture system.

In addition, the fact that the taxol and baccatin III yield was

ever completely inhibited by fosmidomycin also shows that
heir biosynthesis could rely on the IPP or other precursors
oming from the mevalonate pathway. At the same time, the
eduction of growth observed in our mevinolin-treated cell lines
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ould have contributed to an increase in the accumulation and/or
vailability of terpenoids formed through the non-mevalonate
athway. Bearing in mind that we use cells in their stationary
rowth phase growing in a selected production medium that pro-
otes taxol and baccatin III production but not cell growth, our T.

accata cell lines could have reacted by stimulating mechanisms
nvolved in the exchange of intermediates in the biosynthesis of
soprenoids. We believe that our results might help to understand
he participation of both IPP sources in taxane biosynthesis in
rder to develop rational strategies for the bioengineering of
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13] W. Knöess, B. Reuter, J. Zapp, Biosynthesis of the labdane diterpene mar-
rubiin in Marrubium vulgare via a non-mevalonate pathway, Biochem. J.
326 (1997) 449–454.
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