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The time-course of expression of dbat and dbtnbt genes involved in the later steps of
paclitaxel biosynthesis and the intracellular taxane accumulation were investigated through
a 64-day subculture interval of VI/M1 and VI/M2 Taxus baccata callus cultures. HPLC proved
traces of baccatin III and an intracellular content of paclitaxel up to 90 μg/g DW. The steady-
state of the respective gene transcripts was measured by quantitative real-time RT-PCR.
The expression profile of dbat and dbtnbt genes was slightly different and varied within the
subculture. The highest level of dbat expression was detected 24 h after inoculation followed
by a decrease in both cultures. In contrast with dbat no substantially high expression of the
dbtnbt gene after inoculation was observed. The impact of the conditions during inoculation
on gene expression is discussed. Although the increase in transcriptional activity of both
genes positively correlated with callus growth, the intracellular accumulation of paclitaxel
varied during subculture with the maximum in the stationary (VI/M1) or at the end of the
linear (VI/M2) phase. The increase of the steady-state mRNA level of the dbtnbt gene was
followed by paclitaxel accumulation with a delay of approx. 28 (VI/M1) and 14 days (VI/M2).
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Introduction

Paclitaxel (Taxol“, Bristol-Myers Squibb Co .),
a complex diterpenoid with a unique tumour-sup-
pressing mechanism (Schiff et al., 1979; Cragg et
al., 1993) is an effective antineoplastic drug widely
used in the treatment of a variety of cancers, in-
cluding carcinomas of the breast, ovary, lung, head
and neck, AIDS-related Kaposi’s sarcoma or non-
small cell lung cancer either alone or in combina-
tion with other chemotherapeutics (Rowinsky et
al., 1990; Brown, 2003; Sledge, 2003).

The use of the natural source of paclitaxel Ð the
bark of Taxus trees Ð caused mass devastation of
yew populations around the world. The low
amount of paclitaxel in the bark of Taxus spp. in
the range of 0.0001 to 0.076% dry weight (DW)
(Vidensek et al., 1990; Kelsey and Vance, 1992;
Rao, 1993; Nadeem et al., 2002) and the slow
growth of yew trees led to identifying new, more
sustainable sources of this important drug. The to-
tal chemical synthesis or the isolation and purifica-
tion of the active compounds from the plantation-
grown Taxus plants are expensive and complicated
processes (Guo et al., 2006). The semisynthesis of
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paclitaxel from its precursor 10-deacetylbaccatin
III (10-DAB III) or baccatin III which can be iso-
lated from the needles, the renewable source, is
a more feasible and commercially viable method
(Jennewein et al., 2004).

Nevertheless, the most promising way for large-
scale production of paclitaxel and related taxanes
seems to be the use of various in vitro systems Ð
fungal fermentation (Xu et al., 2006), genetically
engineered microorganisms (DeJong et al., 2006)
or plant cell culture process, which was recently
approved by FDA for paclitaxel supply. Currently,
Bristol-Myers Squibb reported that Taxol“ is now
being made solely by plant cell cultures (Tabata,
2006).

Currently, a large-scale culture process was de-
veloped with a paclitaxel production in the range
of 140Ð295 mg/L (Tabata, 2006). However, the
commercial feasibility of a large-scale bioprocess
of Taxus cell cultures in the near future will proba-
bly depend on detailed understanding of the tax-
ane biosynthetic pathway, the possibilities to influ-
ence the production rates of desirable taxanes by
overexpression of genes controlling slow steps, by
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suppressing the production of undesired taxanes
or by redirection of the pathway for the produc-
tion of novel taxanes with greater range and po-
tency of anticancer activity and decreased side-ef-
fects (Jennewein and Croteau, 2001). Genetic
transformation may also be a promising approach
for revealing and engineering the complex pacli-
taxel biosynthetic pathway. Currently a stable
transformation of Taxus cell suspension cultures
was achieved (Ketchum et al., 2007).

The paclitaxel biosynthesis is considered to
require 19 enzymatic steps from the universal
diterpenoid precursor geranylgeranyl diphos-
phate (Hezari and Croteau, 1997). Except for a
few undefined steps the whole biosynthetic path-
way was proposed and 13 genes for its enzymes
have been cloned and characterized (reviewed
by Croteau et al., 2006; Guo et al., 2006). As
indicated by Nims et al. (2006) the regulation of
the taxane biosynthetic pathway occurs at the
level of mRNA with a tight correlation between
steady-state transcript abundance and respective
taxane accumulation. Although many experi-
ments have been made in order to characterize
the Taxus cell cultures by growth, taxane accu-
mulation and enzyme production in elicited cul-
tures (Hefner et al., 1998; Tabata, 2006), little
information is available regarding the growth
and taxane accumulation in the relation to the
transcriptional activity of the responsible genes
in cell cultures without elicitation.

In this report we have focused on the study
of the time-course of transcriptional activity of
dbat and dbtnbt genes coding for two enzymes
of the later steps of the paclitaxel biosynthetic
pathway and accumulation of the respective
taxanes, baccatin III and paclitaxel in unelicited
Taxus baccata callus cultures within a prolonged
subculture period. As proposed by Walker and
Croteau (2000) and Walker et al. (2002) the dbat
gene codes for 10-deacetylbaccatin-III-10�-O-
acetyltransferase (DBAT), which converts 10-
deacetylbaccatin III (10-DAB III) to baccatin III,
and the dbtnbt gene codes for 3�-N-debenzoyl-
2�-deoxytaxol-N-benzoyltransferase (DBTNBT),
which ligates a benzoyl CoA group to 3�-N-de-
benzoyl-2�-deoxytaxol to produce 2�-deoxytaxol,
respectively. This is the first report on the ex-
pression profile of genes involved in the pacli-
taxel biosynthesis during growth of a callus cul-
ture applying accurate quantification of gene
expression by real-time RT-PCR (qRT-PCR).

Materials and Methods

Plant material

The callus cultures (VI/M1, VI/M2) used in the
experiments were initiated from in vitro grown
seedlings originated from seeds of one T. baccata
L. tree growing in Botanical Garden of P. J. Šafárik
University in Košice, Slovakia, according to Bru-
ňáková et al. (2004). For the experiments both cul-
tures were selected after 2 years of cultivation on
the basis of growth characteristics like doubling
time and biomass accumulation.

The induction of callus formation was per-
formed in Gamborg’s B5 medium (Gamborg et al.,
1968) supplemented with 1.5% phenolic-binding
compound, soluble polyvinylpyrrolidone (PVP),
3 mg/L 2,4-dichlorophenoxy-acetic acid (2,4-D)
and 0.5 mg/L kinetin; for long-term culture the
content of 2,4-D was reduced to 1.5 mg/L. All me-
dia were solidified with 0.6% agar Ð the pH value
was adjusted to 5.6 before autoclaving Ð and steri-
lized at 121∞C for 15 min. For the routine callus
cultivation the above described media were used;
for the gene expression studies the inocula were
transferred onto fresh and also so-called reused
media, i.e., the media which were already used in
a previous subculture.

The calli were cultivated at (22 ð 2) ∞C and 75%
relative humidity under dark conditions. The inoc-
ulation was routinely performed under light condi-
tions (white daylight, approx. 72 μmol mÐ2 sÐ1);
for a part of gene expression studies the inocula
were transferred under dark conditions.

The regular subculture interval for long-term
cultivation was 21 (VI/M1) and 28 d (VI/M2), re-
spectively. In our experiment the studied charac-
teristics of both cultures were recorded during a
64-day interval; the samples for the analyses were
taken on days 0, 1, 2, 3, 4, 8, 15, 22, 29, 36, 43, 50,
57 and 64.

In order to assign the reproducibility and homo-
geneity, the samples were prepared as a mixture
of calli grown in 9 cultivation containers repre-
senting a stock specimen for all analyses on the
respective days. The measured values were ex-
pressed as the mean ð standard deviation. Growth
curves were determined by weighing the fresh and
dry cell mass; each data point represents the mean
of 9 replicates ð standard deviation.



Z. Katkovčinová et al. · Paclitaxel Formation and Gene Expression 723

Analysis of gene expression

The samples for gene expression analysis were
homogenized in liquid nitrogen to a fine powder
and stored at Ð80 ∞C until the RNA isolation.

RNA isolation and reverse transcription
Total RNA was extracted from 100Ð120 mg of

ground callus using the RNeasy Plant Mini kit (Qi-
agen, Valencia, USA). To eliminate the residual
genomic DNA present in the samples, RNA was
treated with RNase-Free DNase I (Qiagen,
Hilden, Germany). The integrity of the extracted
RNA was checked by agarose gel electrophoresis.
Total RNA concentration was determined by spec-
trophotometry at 260 nm and more accurately by
fluorescent dye RiboGreen using the Quant-iTTM

RiboGreen“ RNA Kit (Invitrogen, Carlsbad, USA)
according to the manufacturer instructions. Ribo-
Green dye was diluted 1 : 1000 (v/v). Fluorescence
was measured by a FLUOstar fluorometer (BMG
Labtechnologies, Offenburg, Germany) fitted with
485 nm (excitation) and 520 nm (emission) filters.

Equal amounts (1 μg) of total RNA quantified
by RiboGreen were reverse transcribed for each
sample. Reverse transcription was performed at
37 ∞C in 20 μL volume using 10 mm anchored ol-
igoT primer and 200 U M-MLV reverse transcrip-
tase (Invitrogen) according to the manufacturer
instruction.

Quantification of taxane biosynthetic genes
Quantification of dbat and dbtnbt genes expres-

sion was performed by quantitative real-time
RT-PCR (qRT-PCR) in the iCycler iQ Real Time
PCR Detection System (BioRad, Hercules, USA).
PCR primers specific for dbat (dbat-F 5�-
CCAAGCCAGCCATCGCCCAAAG-3�, dbat-R
5�-GGCAGAAACTCACCCCCACAACAAA-3�)
and dbtnbt (dbtnbt-F 5�-TTGCCGTTGGAGTG-
ACTTTGC-3�, dbtnbt-R 5�-AGCATTGGAGG-
TGGGCATATCG-3�) genes were designed based
on the published cDNA sequences coding for
DBAT from T. baccata (GenBank accession
no. AF193765) and DBTNBT from T. cuspidata
(GenBank accession no. AF466397) using Gen-
Tool Lite 1.0 software. qRT-PCR was performed
in duplicates in 30 μL reaction volume containing:
1 ¥ iQTMSYBR Green Supermix (0.2 mm dNTP;
3 mm MgCl2) (BioRad), 0.5 μm forward and re-
verse primer and 50 ng of reverse transcribed
RNA. The reaction conditions were as follows:
95 ∞C for 3 min; 40 cycles at 94 ∞C for 30 s; 59 ∞C

(dbat) or 59.5 ∞C (dbtnbt) for 25 s; 72 ∞C for 25 s;
74 ∞C for 4 min; followed by melting curve analy-
sis.

The amplified products (430 bp for dbat and 199
bp for dbtnbt gene fragments) were separated by
electrophoresis in 1.6% agarose gel, stained with
ethidium bromide and visualized under UV light.
The amplifications of targeted genes were con-
firmed by sequencing the amplicons. The relative
amounts of both gene transcripts were evaluated
by the method of standard curves. These were ob-
tained by amplification of a serially diluted mix-
ture of cDNA samples (diluted 2-fold or 4-fold)
with 5Ð6 dilutions, each one in two replicates.

Taxane analysis

Extraction
The lyophilized callus of about 2 g was powdered

and ultrasonicated for 30 min in 50 mL methanol.
After filtration the methanolic extract was evapo-
rated in vacuo. The residue was then dissolved in
12.5 mL methanol and partitioned with 12.5 mL
water and hexane (2 times 25 mL). After discarding
the hexane extract, the water-methanol layer was
partitioned with dichloromethane (2 times 25 mL).
The dichloromethane-soluble fractions containing
taxanes were combined, filtered over anhydrous so-
dium sulfate and evaporated to dryness in vacuo.
The residue was dissolved in 1 mL methanol and
analyzed by HPLC.

Analytical HPLC
Analyses were performed on a stainless-steel

column (250 ¥ 4.6 mm i. d.) packed with Kromasil
100Ð7 μm, C18 (EKA Chemicals AB, Bohus,
Sweden). A mixture of acetonitrile and water
(65 : 35 v/v) was used as mobile phase, at a flow
rate of 0.7 mL/min. The volume of samples in-
jected was 20 μL. The identification of compounds
examined in the samples was carried out by reten-
tion time and co-chromatography with paclitaxel
and baccatin III standards (Sigma, St. Louis,
USA). Taxane compounds were detected by UV
absorbance at 227 nm. The amount of both taxane
compounds was calculated by a comparing of the
sample peak area and the standard peak area.
Each data point represents the mean of 3 inde-
pendent extractions of the sample.

Results

In the present study the kinetics of expression of
two genes of the later steps of taxane biosynthesis Ð
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dbat and dbtnbt Ð was quantitatively analyzed
during a prolonged 64-day subculture interval. The
steady-state of gene transcripts of dbtnbt, which is
to our knowledge the last sequenced gene in the
biosynthetic paclitaxel pathway, as well as the ac-
cumulation of intracellular paclitaxel were studied.
The expression profile of the dbat gene, coding for
the enzyme-catalyzing conversion of 10-DAB III
to baccatin III, the last intermediate without a
phenylisoserine side-chain in the biosynthetic
pathway, was also determined. The intracellular
accumulation of this compound in undifferenti-
ated cell cultures was already proven in our previ-
ous study (Bruňáková et al., 2005). For quantifica-
tion of the steady-state mRNA level of dbat and
dbtnbt genes fluorescence-based quantitative real-
time RT-PCR (qRT-PCR) with SYBR Green I de-

Fig. 1. Time-course of fresh (FW) and dry weight (DW) accumulation and intracellular paclitaxel content over a
64-day growth period of (a) VI/M1 and (b) VI/M2 callus cultures. Each data point represents the mean of calli
grown in 9 cultivation containers ð standard deviation.

tection of the product was performed. The concen-
tration of RNA was accurately quantified by the
fluorescent dye RiboGreen to assign equal
amounts of RNA/cDNA template in qRT-PCR in
all compared samples. The accurate quantification
of RNA allowed the quantification of dbat and
dbtnbt expression without searching for a suitable
housekeeping gene/s and to confirm its/their stable
expression in all compared samples.

Growth characteristics

A time-course of FW (fresh weight) and DW
(dry weight) accumulation over a 64-day growth
period (Fig. 1) showed a relatively slow growth of
both callus cultures with the doubling time of ap-
prox. 12 days (VI/M1) and 18 days (VI/M2), re-
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Fig. 2. Course of expression of (a, c) dbat and (b, d) dbtnbt genes during subculture of VI/M1 (a, b) and VI/M2
(c, d) callus cultures. The expression data represent the mean of 2 replicates ð standard deviation (n= 9 cultivation
containers sampled for each data point); REU, relative expression units.

spectively. The growth curve of VI/M1 calli
showed a lag phase of 8 days followed by an al-
most linear period of growth between days 8 and
22. The maximum biomass accumulation was
reached at day 36 and then it has decreased stead-
ily. The essentially linear growth of VI/M2 during
the first 43 days was followed by a gradual decline
until day 64. The increase of FW correlated well
with the DW in both cultures.

Taxane accumulation

The intracellular paclitaxel content varied during
the growth cycle (Fig. 1). In both cultures two peaks
of endogenous paclitaxel accumulation occurred; at
the beginning (27.6 μg/g DW for VI/M1 and
14.1 μg/g DW for VI/M2) and at the end (37.8 μg/g

DW for VI/M1 and 19.6 μg/g DW for VI/M2) of the
phase of active growth. Apart from these, in the VI/
M1 culture higher paclitaxel levels were observed
24 h after inoculation as well as in the late station-
ary phase (63.5 μg/g and 81.3 μg/g DW). Although
the presence of baccatin III was confirmed in both
cultures, it occurred below the limit of quantifica-
tion.

Expression of dbat and dbtnbt during subculture

The dbat transcriptional activity during subcul-
ture revealed a similar course in both cultures (Figs.
2a, c). The surprisingly highest level of dbat expres-
sion detected on day 1, i. e. 24 h after inoculation,
dramatically decreased on day 4 (8.3-fold for VI/
M1 and 4.1-fold for VI/M2). In the VI/M1 culture



726 Z. Katkovčinová et al. · Paclitaxel Formation and Gene Expression

the increased dbat expression was detected within
days 8 to 22, followed by a slight decrease until the
end of subculture. Similarly, the dbat expression in
the VI/M2 culture culminated on day 22 and then
gradually decreased.

The expression pattern of the dbtnbt gene in both
callus cultures was also comparable (Figs. 2b, d).
An initial state of expression on day 1 was fol-
lowed by a decrease on day 4 (1.6-fold for VI/M1
and 3.7-fold for VI/M2). After that the transcrip-
tional activity of dbtnbt gradually increased with
the maximum level in the middle of subculture on
day 36 (VI/M1) and 29 (VI/M2). These values
were approx. 7-fold (VI/M1) or 10-fold (VI/M2)
higher than those at the beginning of the growth
cycle, i.e. on day 4. At the end of the culture inter-
val the dbtnbt expression was decreasing.

The expression profile of dbat and dbtnbt re-
vealed surprisingly high expression of dbat on day
1 which rapidly decreased on day 4. Because the
inocula for this experiment were taken in the time
when the expression of the both studied genes was
relatively high (Fig. 2), the increased expression
levels of the dbat gene 24 h after inoculation could
reflect the steady-state of the culture at the time
of inoculation. To explore the rapid variation in
the expression level at the beginning of subculture,
the steady-state of mRNA expression of both
genes at the time of inoculation (i.e. in the inocu-
lum) and within the first four days of culture was
studied. For the analysis the VI/M2 culture was
used. The preliminary results revealed that the
dbat gene expression raised 24h after inoculation
approx. 4.5-fold in comparison with the expression
level in the inoculum. In case of the dbtnbt gene
the immediate change of expression on day 1 was
not that considerable (1.4-fold increase of expres-
sion) (data not shown). During the next days, the
expression level of both genes significantly de-
creased (5.5-fold for dbat and 5.8-fold for dbtnbt)
on day 2 and remained at approx. the same level
until day 4.

Our results showed that the expression of the
studied genes was significantly altered within the
first two days after inoculation. In the forthcoming
experiment we examined factors which could in-
fluence the gene expression at this time, particu-
larly the transfer on nutrient fresh medium and
the exposure to light during inoculation. The inoc-
ula were transferred under light and dark condi-
tions on the reused media, which were already
used in the previous subculture, and on the fresh

Fig. 3. Influence of different culture conditions on dbat
and dbntbt expression during subculture of a VI/M2
callus culture. Expression data are mean values of 3
replicates ð standard deviation (n=9 cultivation con-
tainers sampled for each data point). FM, fresh nutrient
medium; UM, used nutrient medium; LC, light condition
during inoculation; DC, dark condition during inocu-
lation.

media with a nutrient composition as defined in
Materials and Methods. As shown in Fig. 3, the ex-
pression pattern of both genes was very similar
under dark or light conditions during inoculation.
The light did not significantly affect the expression
pattern of both genes either on fresh or reused
medium. In accordance with our preliminary re-
sults the level of dbat expression (Fig. 3) was in-
creased on the first day after inoculation on fresh
medium. On day 2 the expression of dbat mark-
edly decreased to the initial level. Afterwards the
expression was gradually decreasing. On the other
hand, after inoculation on reused medium the var-
iation of the dbat expression level was not so
rapid. The expression gradually raised until day 2
followed by a slow decrease.

In contrast to dbat, the expression of dbtnbt on
day 1 after inoculation on fresh medium remained
almost the same level as it was at the time of inoc-
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ulation (Fig. 3). A rapid decrease was detected on
day 2 and did not change until day 4. In contrast
the inoculation on reused medium resulted in an
increase in dbtnbt transcription on day 1 followed
by a subsequent decrease until day 4.

Discussion

During the last several years serious attention
has been devoted to the study of the paclitaxel
biosynthetic pathway. The expression profile of
several genes of the paclitaxel biosynthetic path-
way in elicited Taxus cell cultures was investigated
semiquantitatively via Northern blot analysis or
RT-PCR (Tabata, 2006; Nims et al., 2006; Kai et
al., 2005, 2006). Nowadays, there is still only little
information about the intracellular accumulation
of relevant metabolites in correlation to the ex-
pression of relevant genes in Taxus callus cultures
at quantitative level.

For this purpose we employed qRT-PCR to
quantify the gene expression of key enzymes of
the paclitaxel biosynthesis. We have surveyed the
expression of two genes coding for enzymes in-
volved in later steps of the biosynthetic pathway
during the growth of callus cultures. Furthermore,
we have assessed the relation between gene ex-
pression and paclitaxel intracellular accumulation
within a subculture.

Growth of callus in relation to taxane
accumulation

During the 2-year period of cultivation both cul-
tures remained unchanged with respect to growth
rate, colour and degree of aggregation. Although
both seedlings-derived cell cultures originated
from the seeds of the same T. baccata L. individ-
ual, both cultures had different growth characteris-
tics and paclitaxel accumulation profiles.

The kinetic study of biomass production con-
firmed a relatively slow growth rate of both callus
cultures. The doubling time of 12 (VI/M1) and 18
days (VI/M2) was comparable with the other
Taxus spp. (Wickremesinhe and Arteca, 1993;
Fett-Neto and DiCosmo, 1997). The growth curves
of both cultures were similar to other Taxus cell
cultures as reported for T. ¥ media (Wickreme-
sinhe and Arteca, 1993).

In the paclitaxel accumulation profile a marked
difference between both cultures was observed at
the beginning and at the end of the growth cycle.
Even though both cultures were transferred on

fresh medium in the same phase of linear growth
when the intracellular paclitaxel content was rela-
tively low, a surprisingly high initial amount of pa-
clitaxel was measured only in the VI/M1 culture.
Similarly, a dramatic increase in paclitaxel accu-
mulation observed in the late stationary phase in
the VI/M1 culture was in contrast with decreasing
paclitaxel content in the same growth period of
the VI/M2 culture. The variability of paclitaxel
production in Taxus spp. cell and organ cultures is
well-known and also well documented. Numbers
of factors causing the variation were identified in-
cluding the differences in cell lines and their ge-
netic stability (Ketchum et al., 1999; Ketchum and
Gibson, 1996), the sensitivity of productivity to
culture conditions (Hirasuna et al., 1996), the abil-
ity of the cells to accumulate the intermediates and
the final products, the excretion of metabolites to
the medium, etc.

An accumulation pattern with two peaks was
also reported for suspensions of T. cuspidata by
Fett-Neto and DiCosmo (1997) and Seki et al.
(1997). The lack of paclitaxel increase at the end
of the 64-day growth period of the VI/M2 culture
could be caused by the onset of the progressive
deceleration phase with a 21-day delay in compari-
son with the VI/M1 culture. The highly variable
proportion of excreted to endogenously accumu-
lated product depending on the species and cell
line should also be taken into account (Fett-Neto
and DiCosmo, 1997).

Paclitaxel is not a typical non-growth associated
product like many other secondary metabolites;
for its accumulation at least two maxima, the first
in the phase of active growth and the second dur-
ing the stationary phase, are typical (Srinivasan et
al., 1995). According to our observations this can
be explained by the fact that the expression level
of the relevant dbtnbt gene was non-zero during
all growth phases, including the phase of active
growth.

Expression profile of dbat and dbtnbt genes

Although baccatin III was detected in the sam-
ples only in traces, qRT-PCR of dbat confirmed
the presence of its gene transcripts in all stages but
in lower quantities as compared to dbtnbt mRNA
in the VI/M1 culture (Figs. 2a, b). Similarly, the
levels of mRNAs coding for DBAT in unelicited
Taxus cuspidata suspension cultures detected by
RNA blot analysis were low as detected by Nims
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et al. (2006) in a comparative study of the expres-
sion profile of several paclitaxel biosynthetic path-
way genes. The mRNA transcripts for the DBAT
enzyme that converts 10-DAB III to baccatin III,
the last non-side-chain intermediate in the pacli-
taxel biosynthetic pathway, showed increased ab-
undance on day 1, which was typical for all experi-
mental conditions Ð fresh or reused medium, light
or dark during inoculation (Fig. 3).

Interestingly, the initial increase in gene expres-
sion on day 1 was not so unambiguous for the
dbtnbt gene, which is involved in one of the termi-
nal steps in the paclitaxel pathway, when the side-
chain is modified. The approx. 2-fold increase was
observed exclusively after inoculation on the re-
used medium in both light and dark conditions.

There are several parameters which can affect
the gene expression during inoculation: (i) the ex-
posure to light (1Ð2 h) during the process of inoc-
ulation (the callus cultures are ordinarily culti-
vated in dark conditions); (ii) new nutrients
supplied in fresh medium; (iii) presence/absence
of metabolites excreted in the medium; (iv)
wounding of the inoculum/callus surface during
transferring to the fresh medium.

Assuming the gene expression profile within the
first four days after inoculation, the expression of
the studied genes was not affected by the inocula-
tion process in light conditions. The increased
abundance of mRNA transcripts for DBAT and
DBTNBT enzymes was observed after inoculation
on reused medium, suggesting the potential role
of medium composition in the induction of gene
expression. In comparison with the fresh medium,
the reused medium differs in the nutrient concen-
tration, secreted metabolites, etc. Therefore the in-
creased level of gene expression can be the result
of a major nutrient decrease, suggesting the diver-
sion of precursors from primary to secondary me-
tabolism (Srinivasan et al., 1995). On the other
hand, some metabolites, including taxanes may in-
hibit the paclitaxel production and/or its secretion
(Seki et al., 1997).

Gene expression and taxane accumulation

In relation to the expression pattern of the
dbtnbt gene which was similar in both VI/M1 and
VI/M2 cultures, the different behaviour of endoge-
nous accumulation of paclitaxel in these cultures
is still ambiguously and questioning. The differen-
ces in intracellular accumulation of paclitaxel in

the cultures could also be related to the propor-
tion of excreted to endogenously accumulated
product which is highly variable depending on the
Taxus species and the cell line (Fett-Neto and Di-
Cosmo, 1997). The ability of Taxus cell cultures to
release paclitaxel in the culture medium varies in
the range of 10Ð90% (Hirasuna et al., 1996; Wick-
remesinhe and Arteca, 1993). Moreover, Taxus
cell cultures in the active growth phase are able to
release at least 55Ð60% of paclitaxel by means of
active secretion rather than cell lysis which is com-
mon for later stages of the growth cycle (Fornale
et al., 2002). The interconversion of the intermedi-
ates and alternative branches of the diterpene
pathway in Taxus should be also taken into consid-
eration (Laskaris et al., 1999).

Although dbat mRNA was detected in all stages
of callus growth, the relatively low level of tran-
scripts could explain why the relevant metabolite,
baccatin III, was present in traces. For unelicited
Taxus cell cultures the unmeasurable amount of
non-side-chain as well as side-chain taxanes like bac-
catin III and paclitaxel is common (Nims et al., 2006).

Surprisingly the intracellular accumulation of
paclitaxel did not correlate with transcriptional ac-
tivity of the dbtnbt gene. The dbtnbt expression
profile indicated that the enhancement of gene ex-
pression preceded the increase of the intracellular
paclitaxel amount by at least 28 days (VI/M1) and
14 days (VI/M2). Likewise in the experiments pro-
vided by Nims et al. (2006), the transcripts of the
dbtnbt gene did not persist in abundance until the
late stationary phase, when the paclitaxel level was
the highest. This suggests that although dbtnbt
mRNA transcripts were at their minimum level,
the enzyme activity may last much longer. On the
other hand the RNA level may not reflect the level
of corresponding protein and its activity (Gygi et
al., 1999). It is interesting that while an inverse
relationship is usually referred for growth and
taxane accumulation (Fett-Neto and DiCosmo,
1997; Seki et al., 1997) the gene activity profile
seems to be growth-associated.

Conclusion

In conclusion, (i) the presence of both mRNA
transcripts was confirmed by qRT-PCR in all sta-
ges of the growth cycle of T. baccata callus cul-
tures; (ii) the expression profile of dbat and dbtnbt
was similar with an exception of the first 24 h after
inoculation, when a highly elevated level of dbat
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gene expression occurred; (iii) no evident relation
was observed between the intracellular accumula-
tion of paclitaxel and the steady-state of dbtnbt
mRNA in a unelicited T. baccata callus culture.
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complex process depending on the transcriptional
activity of possibly all genes in the biosynthetic
pathway, the availability of substrates, the inter-
conversion of metabolites, the ability of the cells
to accumulate the intermediates and the final
product, the excretion of metabolites to the me-
dium, etc. To improve the production capacity of
yew cell cultures all factors should be considered.
With respect to gene expression studies, the levels
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