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Abstract

Nicotiana benthamiana was transformed with a taxadiene synthase (TS) gene for the de novo synthesis
of taxadiene. The successfully transformed lines of N. benthamiana producing taxadiene was further
cultivated for root culture to produce taxadiene in in vitro system. The roots of lines TSS-5, TSS-7, TSS-8
and TSS-10 accumulated 14.6 - 22.5 pg/g (dw) taxadiene. Methyl jasmonate treatment to the TSS-8 line for 7
or 14 days increased the accumulation of taxadiene by 1.17 and 1.88-folds, respectively. Data suggested that
the root culture of TS gene transformed N. benthamiana is an ideal system for the stable and efficient
production of taxadiene.

Introduction

Taxadiene [taxa-4(5), 11(12)-diene] formation is the initial step in the biosynthesis cycle of an
anticancer agent paclitaxel (taxol) from the universal precursor geranylgeranyl diphosphate
(GGPP) (Hezari et al. 1995). Paclitaxel is a strong chemotherapeutic agent showing tremendous
activity to treat breast, ovarian and lung cancer (Hata et al. 2004, Pezzutto 1996).

The recovery of paclitaxel form Taxus plants is very less (0.01% of bark) (Vidensek et al.
1990) but its world-wide demand go beyond the supply both from natural sources as well as semi-
synthesis. Therefore, to maximize the production of paclitaxel, several efforts together with
biological as well as synthetic method have been tried (Cragg et al. 1993). However, due to high
cost of production and complex reaction steps, paclitaxel production was not up to the satisfactory
level to be commercially viable (Danishefsky et al. 1996, Nicolaou et al. 1994). So, intensive and
efficient efforts need to develop an alternative means for the higher production of paclitaxel.
However, production of taxadiene is the key to synthesis of paclitaxel via using biological system
or semi-synthesis.

Taxadiene was isolated from the Yew tree in less amount (Koepp et al. 1995) and its increased
production is an urgent need. Taxadiene synthesizes from GGPP by taxadiene synthase (TS);
however, the cloning of TS genes from T. brevifolia, T. cuspidata Sieb. Et Zucc and T. chinensis
were found effective and the products of the gene were functional in Escherichia coli (Wang et al.
2002). Since metabolically engineered production of paclitaxel depends on the production of
taxadiene, the first committed step of paclitaxel synthesis, several attempts have been tried to
transfer the TS gene into E. coli and Saccharomyces cerevisiae (Huang et al., 2010, Boghigian et al.
2012, DelJong et al. 2006). The increased production of taxadiene has also been tried by
expressing the TS gene in various plant systems including Arabidopsis, moss, tomato and ginseng
roots (Anterola et al. 2009, Besumbes et al. 2004, Cha et al. 2012, Kovacs et al. 2007). However,
continuous efforts need to the commercial viable production of taxadiene by using easy and short
duration plant system.
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Nicotiana benthamiana related to tobacco plant is a rapidly growing model plant. Here we
report the successful transformation of N. benthamiana with the TS gene derived from T.
cuspidata Sieb. Et Zucc.Transformed N. benthamiana by the TS gene from T. cuspidata Sieb. Et
Zucc can produce taxadiene. Therefore, we transformed N. benthamiana with a TS gene, measured
the amount of taxadiene from leaf and then cultured the roots for producing higher amounts of
taxadiene in very short time. However, massive root culture systems can be used for producing
useful secondary metabolites stably and efficiently regardless of the adverse conditions arisen by
climatic challenges.

Materials and Methods

A TSS vector was constructed by ligating 2.6 kb taxadiene synthase (TS) gene in the
pBluescript SK (+) vector into 23001 Ti plasmid vector following the protocol of Cha et al. (2012).
In brief, the coding region of the TS gene was ligated in the pBluescript SK (+) vector into 23001
Ti plasmid vector. Dr. Croteau from Washington State University, USA kindly provided the TS
gene and the 23001 Ti plasmid vector collected from KRIBB, Korea was a derivative of the
pCAMBIA 2300 vector. By using the gene specific primers (Forward: 5-AGGATCCA
TGGCTCAGCTCTC-3'; Reverse: 5'-AGGTACCTCATACTTGAATTGGATC-3'), coding region of
the TS gene was obtained and DOKDO-Prep Gel Extraction Kit (Elpis, Korea) was used to purify
the PCR product which were digested with the BamHI and Kpnl restriction enzymes, ligated into
the 23001 Ti plasmid vector and transferred into E. coli strain DH5a. By using a HiYield plasmid
Mini Kit (RBC, Taiwan), the plasmid of TSS vector was isolated from the transformed E. coli and
introduced into a Km (s) A. tumefaciens strain EHA105 by the freeze-thaw method (Hood et al.
1993). The transformed A. tumefaciens with the TSS vector was confirmed by PCR using the TS
gene specific primers (Forward: 5-GCCAATTATCATGGCGATCT-3'; Reverse: 5-CTGCCGC
AGAAACATCTGTA-3").

The transformation of N. benthamiana was done following the method of Wang (2006) with
slight modification where leaves of aseptically grown N. benthamiana were collected and cut to
approximately 0.5 cm? without the veins. The leaf explants were then pre-cultured in MS media
containing 3% sucrose (w/v), 0.1 mg/l NAA, 1 mg/l BAP and 0.8% (w/v) plant agar followed by
incubation in dark at 25°C for 24 hrs. The transformed A. tumefaciens with the TSS vector was
grown overnight at 28°C and 120 rpm in yeast extract peptone (YEP) medium enriched 50 mg/I
kanamycin which was centrifuged at 3,500 rpm for 10 min to get the pellet. The pellet was then
resuspended in 10 mM MES and MgCI, for the final concentration of 0.5 at ODggo.
Acetosyringone was added to the resuspended culture to a final concentration of 100 uM followed
by incubation for 4 hrs at 22°C with mild shaking. The infection of the leaf explants were done by
dipping in A. tumefaciens for 15 min followed by blotter dry and placed on co-cultivation medium
[MS media containing 0.1 mg/l NAA, 1 mg/l BAP, 3% sucrose (w/v) and 0.8% (w/v) plant agar
overlaid with the sterile Whatman filter paper] for 3 days in the dark at 25°C. The explants were
then shifted to regeneration medium (MS media containing 100 mg/l cefotaxime, 50 mg/I
kanamycin, 0.1 mg/l NAA, 1 mg/l BAP, 3% sucrose (w/v) and 0.8% (w/v) plant agar) and
incubated at 25°C under a 16 hrs light and 8 hrs dark regime. The calluses originated from the
explants were collected and transferred to root formation medium [MS medium containing 1%
sucrose (w/v), 50 mg/l kanamycin, 0.1 mg/l NAA and 0.8% (w/v) plant agar]. The transformed
plants were then shifted to the green house in pot soil. Successful TS transformed T1 N.
benthamiana roots were screened for the de novo formation of taxadiene.

We measured higher amount of taxadiene from leaf of transformed homozygous (T1) N.
benthamiana lines TSS-5, TSS-7, TSS-8 and TSS-10 (Hasan et al. 2014). For the production of
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taxadiene from root, we collected seeds from three plants of each of above transformed lines,
surface sterilized and sown in fresh Murashige and Skoog (MS) medium supplemented with 50
mg/l kanamycin in magenta box and incubated at 23°C in dark. Following germination, the
magenta boxes were kept in 16 hrs light and 8 hrs dark regime for one month to get sufficient
amount of roots (Fig. 1A). The roots were then harvested and cultured on MS agar media
supplemented with 50 mg/l kanamycin and 0.1 mg/l NAA (Fig. 1B). All chemicals and media
were purchased from Duchefa (Haarlem, The Netherlands) or Sigma-Aldrich (St. Louis, U.S.A).

Successful integration of TS gene in the roots of TS transformed N. benthamiana plant was
censured by one step RT-PCR using total RNA as template. By using TRI reagent (Molecular
Research Center, Inc. Ohio, USA), total RNA was isolated from the cultured roots. Gene specific
primers to amplify 576 bp of TS gene were used for the one step RT-PCR (Forward: 5'-
CGTGACATGCTCGCTCAC-3, and Reverse: 5-AGGTACCTCATACTTGAATTGGATC-3)).
After making cDNA at 45°C for 45 min, PCR amplification was done 30 cycles for 30 sec at 94°C,
40 sec at 50°C, and 1 min at 72°C by a PCR machine (XP Thermal Cycler, BIOER, Japan). PCR
products were then visualized by using 1.2% agarose gel electrophoresis (Fig. 1E).
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Fig. 1. Root culture for the production of taxadiene. (A) selection of roots on kanamycin-enriched MS agar media, (B)
aerial roots on MS agar medium, (C) root culture in MS broth medium in an aerated incubator, (D) root culture in MS
broth medium for the methyl jasmonate treatment and (E) RT-PCR profile for identifying the expression of taxadiene
synthase in different transformed root lines. Lane 1: 1 kb plus DNA marker; Lane 2-12: TS transformed roots line;
Lane 13: wild-type control; Lane 14: empty vector; Lane 15: positive control.
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Roots from the solid cultures were sub-cultured in MS broth media contained 50 mg/I
kanamycin and 0.1 mg/l NAA and maintained at 23°C in darkness at 80 rpm agitation. In every 3
weeks, sub-cultures were done in the same media to get the stable transformants. The roots were
then analyzed to identify and quantify the de novo production of taxadiene. The root line TSS-8
produced highest amount of taxadiene among all the homozygous lines, therefore, it was further
selected to analyze the effect of methyl jasmonate (MJ) on the accumulation of taxadiene. To
observe the effect of MJ, the roots were cultured in air-supplied culture system (15 cm diameter
and 25 cm height) maintained the same media and conditions for 3 weeks (Fig. 1C). The cultured
roots were then divided into 10 g to 250 ml flask and incubated for 7 days with 23°C and 80 rpm
of shaking in dark (Fig. 1D). In order to accumulate the high amount of taxadiene, MJ was added
to the root culture at a final concentration of 50 uM and incubated for more 7 and 14 days,
respectively.

Cultured transgenic and wild-type control roots of N. benthamiana were harvested, freeze-
dried and ground to fine powder by using a mortar and a pestle. Five (5) ml hexane supplemented
with 4 pg/ml nonadecane (Sigma-Aldrich, St. Louis, USA) was added to 0.5 g powdered root
tissue. Following vortexing for 30 sex, the root powders were shaken by a sonicator for 20 min at
room temperature. The extracts were filtered through cotton plug and re-extracted successively
four more times with the same volume of hexane only. All the subsequent extracts were then
pooled, dried under N, gas and measured the weight. One ml hexane was added to the dried
extracts prior to GS-MS analysis. GC-MS analysis was performed following the published
protocol of Cha et al. (2012) where following the addition of 1 mL of hexane to the dried extracts,
injection was done with 1 pL of each sample into an Agilent 6890N GC (Agilent Technologies,
Santa Clara, USA) linked to a JMS 700 MS (Jeol, Japan). Every extract was injected in 10:1 split
mode (injector 280°C) onto a 30 m x 0.25 mm ID DB-5 fused silica capillary column with a 0.25
m film thickness. The primary oven temperature was maintained at 120°C followed by rising to
250°C for 5 min at 10°C/min after a 2 min delay by helium as the carrier gas. The measurement of
taxadiene was then calculated based on comparison to a nonadecane internal standard (100 pg/ml).

Results and Discussion

Roots from three plants of each transformed homozygous line TSS-5, TSS-7, TSS-8 and TSS-
10 were analyzed and identified for the successful integration TS gene in the genome (Fig. 1E).
The artificial culture system for the roots of TS transformed N. benthamiana was successful for the
de novo production of taxadiene which were analyzed by a GC-MS following the conditions of
Kovacs et al. (2007) and Cha et al. (2012) where non-transformed wild-type control root of N.
benthamiana did not show any peak corresponding to taxadiene (Fig. 2A). However, the roots
from transformed N. benthamiana showed the peak of taxadiene at 13.11 min of the gas
chromatogram (Fig. 2B) and the MS profile of taxadiene (Fig. 2C) matched exactly with the MS
profile of taxadiene as reported by Kovacs et al. (2007). The root lines of TS transformed N.
benthamiana TSS-5, TSS-7, TSS-8 and TSS-10 were produced 14.6 - 22.5 ug taxadiene/g of dw
(Fig. 3).

Among the tested root lines, TSS-8 produced highest amount of taxadiene (22.5 pg/g dw)
which was lower than the amount produced in leaf using the same line (27.0 ug/g dw; Hasan et al.
2014). However, the production of taxadiene in root was higher than the previously reported
taxadiene amount in the TS transformed ginseng roots (9.1 pg/g dw), Arabidopsis (0.6 pg/g dw),
moss (5.0 pg/g dw) and normal tomato (20.0 pg/g dw) but less than TS transformed yellow flesh
tomato mutant which is lack of carotenoid synthesis (160 pg/g dw) (Anterola et al. 2009,
Besumbes et al. 2004, Cha et al. 2012, Kovacs et al. 2007).
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Fig. 2. GC-MS analysis for the identification of taxadiene production. (A) GC chromatogram from non-transformed N.
benthamiana. (B) GC chromatogram from transgenic of N. benthamiana with the taxadiene peak at 13.11 min. (C)
Mass spectra profile for the taxadiene pick at 13.11 min, which completely matched with the taxadiene mass spectra
profile reported by Kovac et al. (2007)
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Fig. 3. Accumulation of taxadiene in the cultured transformed roots of lines TSS-5, 7, 8 and 10. The Methyl jasmonate
lines indicated the increased amount of taxadiene in transformed root line TSS-8 treated with methyl jasmonate for 7
or 14 days, respectively. The vertical bars represent means + standard deviations (n = 3).
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A common precursor GGPP used to produce many metabolites by the terpenoid pathway of
plant system and taxadiene is also directly synthesized from GGPP. MJ is commonly known as the
elicitor for the increased production of terpenoids in plants (Besumbes et al. 2004). When the
elicitor MJ was applied in root culture of TSS-8 line for 14-days, taxadiene accumulation
significantly increased by 1.88-folds, indicating tobacco roots were also reacted to MJ to increase
the taxadiene amount same as previous study where taxadiene production in TS-transformed
ginseng roots were increased by 1.6-fold following treatment with MJ at 50 pM (Cha et al.2012).

Nicotiana benthamiana was transformed with TS gene, induced roots, and produced taxadiene
by the root culture aseptically. The cultured tobacco roots accumulated stably and highly taxadiene.
In future, in order to complete the synthesis of paclitaxel in N. benthamiana, further understanding
for the whole genes related to the paclitaxel biosynthesis will be required.
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