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Abstract 

Terpenoids are natural products known for their medicinal and commercial 
applications. Metabolic engineering of microbial hosts for the production of such 
valuable compounds has gained vast interest in the last few decades. In the effort 
towards engineering Bacillus subtilis as a cell factory for the production of the 
chemotherapeutic Taxol, we expressed the plant-derived taxadiene synthase (TXS) 
enzyme. TXS is responsible for the conversion of the precursor geranylgeranyl 
pyrophosphate (GGPP) to taxa-4,11-diene, which is the first committed intermediate 
in Taxol biosynthesis. Furthermore, genes encoding biosynthetic enzymes from the 2-
C-methyl-D-erythritol-4-phosphate (MEP) pathway [dxs, ispD, ispF, ispH, ispC, ispE,
ispG] and early Taxol biosynthesis pathway [ispA encoding geranyl pyrophosphate
synthase (GPPS) and farnesyl pyrophosphate synthase (FPPS), crtE encoding
geranylgeranyl pyrophosphate synthase (GGPPS)] were cloned into B. subtilis and their
effect on taxadiene production was evaluated. The over expression of the MEP pathway
enzymes along with IspA and GGPPS caused 83-fold increase in the amount of
taxadiene produced compared to the B. subtilis strain only expressing TXS and relying
on the innate pathway of B. subtilis. The total amount of taxadiene produced by that
strain was 17.2 mg/L. This is the first account of the successful expression of taxadiene
synthase in B. subtilis. We determined that expression of GGPPS through the crtE gene
is essential for formation of the precursor GGPP in B. subtilis as its innate metabolism
is not efficient in producing it. Finally, the enhanced taxadiene production by
overexpressing the complete MEP pathway and IspA present the prospect for further
engineering aiming for semi-synthesis of Taxol.
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Introduction 

Terpenoids represent the largest, structurally and functionally most varied group of 
natural products. This structural complexity is the basis of the diversity in biological 
activity of terpenoids and can not be simply reproduced in synthetic compounds. 
Nowadays,  there are over 50,000 known terpenoids, alot of which are biosynthesized 
by plants. Numerous terpenoids have attracted commercial interest for their medicinal 
value or use as flavors and fragrances. Among the most famous medicinally important 
terpenoids are the antimalarial artemisinin from the plant Artemisia annua and 
the anticancer paclitaxel (Taxol®) from the yew trees (Taxus brevifolia or Taxus 
baccata). The majority of terpenoids are naturally produced in low amounts and their 
extraction is usually labour intensive and it entails considerable consumption of 
natural resources. For instance, the production of enough Taxol® to treat one 
cancer patient would approximately require six 100 year old Pacific yew trees and 
similarly there are reports of enormous shortfalls in artemisinin production due to 
seed shortage. In addition, chemical synthesis and modification of most 
terpenoids is tremendously difficult and problematic because of the complexity 
and chirality of their chemical structures. Hence, researchers in the last few 
decades focused on metabolic engineering of the terpenoid biosynthetic pathways 
in host microorganisms as an alternate method of production[1-5]. 

The backbone of all terpenoids originates from two five-carbon precursors, isopentenyl 
diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP) which can be 
produced via mevalonate (MVA) pathway or the 2-C-methyl-D-erythritol-4-phosphate 
(MEP) pathway. The consecutive condensation of IPP and DMAPP using a group of 
prenyl pyrophosphate synthase enzymes produces the starting precursors of the 
different classes of terpenoids. These starting precursors are geranyl pyrophosphate 
(GPP; C10) produced by geranyl pyrophosphate synthase (GPPS) for synthesis of 
monoterpenoids, farnesyl pyrophosphate (FPP; C15) produced by farnesyl 
pyrophosphate synthase (FPPS) for construction of sesquiterpenoids and 
triterpenoids, and geranylgeranyl pyrophosphate (GGPP; C20) synthesized by 
geranylgeranyl pyrophosphate synthase (GGPPS) for production of diterpenoids and 
tetraterpenoids. Finally, these starting precursors are cyclized and/or rearranged by 
terpene synthase enzymes to the different terpenoids[6-8]. 

Paclitaxel (Taxol®) is a diterpenoid known for its chemotherapeutic effect and is found 
in the bark and needles of different Taxus trees. Similar to all terpenoids, the extraction 
from the natural source is problematic, thus various Taxus species are now endangered 
due to high demand. Total synthesis of paclitaxel has been established but the 
complexity of its chemical structure made the process commercially inapplicable[9]. 
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Hence, nowadays paclitaxel is synthesized semisynthetically from 10-deacetylbaccatin 
III that is more easily extracted. Also, docetaxel, which has been gaining more attention 
recently, can be synthesized from this precursor. However, this means that production 
still relies on the yew trees[10, 11] or on plant cell cultures[12]. The first step in the 
production of paclitaxel is the production of the compound taxa-4,11-diene (Figure 1). 
Taxadiene is produced from the cyclization of the diterpenoid precursor GGPP via the 
enzyme taxadiene synthase. The GGPP precursor is synthesized via the MVA or MEP 
pathway as previously explained. Taxadiene is converted to the final product paclitaxel 
through approximately 19 enzymatic steps involving hydroxylation and other 
oxygenation reactions of the taxadiene skeleton[4, 8, 13]. 
The first committed intermediate in biosynthesis of paclitaxel, taxadiene, has been 
produced via metabolic engineering in Escherichia coli[14, 15], Saccharomyces cerevisiae[16, 

17] and the transgenic plant Arabidopsis thaliana[18]. Based on the success of metabolic
engineering in these host, Bacillus subtilis offers an interesting microbial host for
production of taxadiene where it has higher growth rate compared to S. cerevisiae and
is considered as GRAS (Generally Regarded As Safe) by the Food and Drug
Administration unlike E. coli. Also, B. subtilis possesses an innate MEP pathway and
has a broad metabolic potential. The production of C30 carotenoids in B. subtilis has
been reported and optimized[19, 20]. Also, the sesquiterpenoid amorphadiene which is
the first precursor for the production of artemisinin has been successfully produced in
B. subtilis [21]. In the current study, we aim at the metabolic engineering of B. subtilis for
the biosynthesis of taxadiene as a first step in the semisynthetic production of
paclitaxel. For the first time, we describe the successful expression of the enzyme
taxadiene synthase essential for the synthesis of taxadiene in B. subtilis. Moreover, the
production levels of taxadiene are increased by overexpression of the MEP pathway,
IspA and GGPPS enzymes. The reported B. subtilis strain with the highest level of
production of taxadiene can compete with yeast and E. coli, besides the additional
advantages provided from the use of B. subtilis. This study can serve as a stepping stone
for further fine tuning of the biosynthetic pathway of paclitaxel in B. subtilis targeting a
more efficient production process.
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Figure 1. Biosynthesis of taxa-4,11-diene via the 2-C-methyl-D-erythritol-4-phosphate 
(MEP) pathway in Bacillus subtilis. 

Enzymes in the biosynthesis pathway: 1-deoxy-D-xylulose-5-phosphate synthase (Dxs), 1-
deoxy-D-xylulose-5-phosphate reductoisomerase or 2-C-methyl-D-erythritol 4-phosphate 
synthase (Dxr, IspC), 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (IspD), 4-
(cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase (IspE), 2-C-methyl-D-erythritol 2,4-
cyclodiphosphate synthase (IspF), (E)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase 
(IspG), 4-hydroxy-3-methylbut-2-enyl diphosphate reductase (IspH),  isopentenyl-diphosphate 
delta-isomerase (Idi), geranylpyrophosphate synthase (GPPS), farnesylpyrophosphate synthase 
(FPPS) and geranylgeranylpyrophosphate synthase (GGPPS). Intermediates in the metabolic 
pathway: 1-deoxy-D-xylulose 5-phosphate (DXP), 2-C-methyl-D-erythritol 4-phosphate (MEP), 
4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol (CDP-ME), 2-phospho-4-(cytidine 5'-
diphospho)-2-C-methyl-D-erythritol (CDP-MEP), 2-C-methyl-D-erythritol 2,4-cyclo-
diphosphate (MEC), (E)-4-hydroxy-3-methylbut-2-en-1-yl diphosphate (HMBPP), isopentenyl 
diphosphate (IPP), dimethylallyl diphosphate (DMAPP) geranylpyrophosphate (GPP), 
farnesylpyrophosphate (FPP) and geranylgeranylpyrophosphate (GGPP). 

Materials and methods  

Bacterial strains, vectors and growth conditions 

Bacterial strains and expression vectors used in this research are listed in Table 1. E. coli 
DH5α strains were cultured in Luria-Bertani broth (LB) while B. subtilis 168 strains 
were grown in 2xYT medium. When necessary, growth media were supplemented with 
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antibiotics in the following concentrations: 100 μg/ml ampicillin or 100 μg/ml 
erythromycin for E. coli DH5α and 5 μg/ml chloramphenicol, 100 μg/ml erythromycin 
or 100 μg/ml spectinomycin for B. subtilis 168. 

Table 1. Bacterial strains and vectors used in this research 
Bacterial strain Genotype Reference 
B. subtilis 168 trpC2 [22, 23]

B. subtilis 168_txs 168 amyE::Phyperspank-txs; SpR This study 
E. coli DH5α F-endA1 hsdR17 (rk

-,mk
+) supE44 thi-1 λ-recA1

gyrA96 relA1 φ80dlacZ∆M15
Bethesda Research 
Lab 1986 

Vector Pertinent properties Reference 

pDR111 B. subtilis integration vector; ori-pBR322;
Phyperspank IPTG-inducible promoter; SpR; AmpR

[24]

pBS0E B. subtilis and E. coli shuttle vector; ori- 1030
(theta replication); PxylA xylose-inducible 
promoter; ErmR; AmpR 

[25]

pHCMC04G B. subtilis and E. coli shuttle vector; ori-
pBR322; ori-pBS72 (theta replication); PxylA

xylose-inducible promoter; CmR; AmpR 

[20]

Construction of different strains of B. subtilis 168 

Five different constructs were utilized to produce different B. subtilis strains expressing 
taxadiene synthase (TXS). The first construct consists of txs gene from the plant Taxus 
baccata in pDR111 plasmid. The txs gene was truncated by deleting the first 60 amino 
acids to remove the signal peptide targeting the plastid and improve expression and 
solubility of the protein[26]. Circular polymerase extension cloning (CPEC)[27] was used 
to create the pDR_txs construct where B. subtilis mntA ribosomal binding site (RBS) 
plus spacer (AAGAGGAGGAGAAAT) were introduced before the txs gene along with 
a N-terminal 6× His-tag. Ampicillin and spectinomycin resistance cassettes are 
available for selection in E. coli and B. subtilis, respectively. The second construct 
consists of crtE gene that express the enzyme geranylgeranyl pyrophosphate synthase 
(GGPPS) in the pBS0E plasmid. The crtE gene from Pantoea ananatis was cloned into 
pBS0E plasmid using CPEC method to introduce B. subtilis mntA RBS before the gene 
resulting in the construct pBS0E_crtE. Finally, three constructs expressing MEP 
pathway genes in pHCMC04G plasmid were used. Two of which express four genes of 
the MEP pathway as follows: p04_SDFH express the genes dxs, ispD, ispF and ispH 
while p04_CEGA express the genes ispC, ispE, ispG and ispA. The third construct 
p04_SDFHCEGA express all the eight genes of the MEP pathway. These constructs 
were obtained from a previous study[20]. All these cloning  steps  were  performed  in  
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E. coli DH5α and the sequences of all the generated recombinant plasmids were 
confirmed by sequencing (Macrogen, Europe). The constructed plasmids were used to 
transform competent B. subtilis 168 cells following previously published protocol[28]. 
Five different strains of B. subtilis 168 were produced by transforming different 
combinations of the constructs.  

Expression of taxadiene synthase in B. subtilis 168 

Overnight culture of the B. subtilis strain containing pDR_txs construct was grown in 
2xYT medium containing spectinomycin antibiotic. The next day, the overnight 
culture was diluted to an OD600 of 0.07-0.1 in 10 ml 2xYT medium with spectinomycin 
in 100 ml Erlenmeyer flask. The culture was incubated for 3 h at 37 °C and 220 rpm. 
Then, IPTG was added to a final concentration of 1 mM to start induction. The culture 
was divided to 1 ml cultures into 15 ml round bottom tubes and grown overnight at 
20 °C and 220 rpm. The following day the 1 ml cultures were pelleted by centrifugation 
for 10 min at 11000 rpm, 4 °C then resuspended in 5 ml/1 g pellet Birnboim lysis buffer 
(25 mM Tris-HCl, pH 8.0, 50 mM glucose, complete tablet, and 25 mg/ml lysozyme) 
and incubated at 37 °C for 30 min. The soluble protein fractions were obtained by 
centrifugation for 15 min at 11000 rpm. The soluble protein fractions were loaded on 
SDS-PAGE using precast NuPAGE® gels (Invitrogen) and analyzed by Western blotting 
where mouse peroxidase-conjugated anti-His antibody (catalog no. A7058; Sigma) was 
used then the protein was visualized using Amersham ECL Prime Western blotting 
detection reagent (catalog no. RPN2232; GE Healthcare). 

Production and extraction of taxadiene in B. subtilis 168 

Overnight cultures of the different strains were grown in 2xYT medium containing 
suitable antibiotics. The next day, the overnight cultures were diluted to an OD600 of 
0.07-0.1 in 10 ml 2xYT medium with suitable antibiotics in 100 ml Erlenmeyer flasks. 
The cultures were incubated for 3 h at 37 °C and 220 rpm. Then, IPTG was added to a 
final concentration of 1 mM to start induction of pDR111 constructs and xylose was 
added to a final concentration of 1 % to start induction of pBS0E and pHCMC04G 
constructs. The cultures were divided to 1 ml cultures into 15 ml round bottom tubes 
and overlaid with 100 μl dodecane containing 10 μl of 700 μM β-caryophyllene as 
internal standard. Then the cultures were grown overnight at 20 °C and 220 rpm. The 
following day OD600 of all 1 ml cultures was measured. A comparison between direct 
extraction of taxadiene from the culture and extraction of taxadiene from cell lysate was 
performed. First, extraction without lysis was performed by adding 200 μl hexane to the 
1 ml cultures overlaid with dodecane, then the cultures were centrifuged for 10 min at 
11000 rpm to separate the aqueous and organic phases. The dodecane-hexane layer was 
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extracted for GC-MS analysis. Secondly, lysis followed by extraction was performed by 
addition of 100 μl lysis buffer (50 mM Tris-HCl, pH 8.0, 70 mM NaCl, 10 mM MgCl2, 
25 mg/ml lysozyme and 0.1 mg/ml DNase) to the 1 ml cultures overlaid with dodecane 
and incubation at 37 °C for 30 min. then 200 μl 12% SDS was added. Finally, 200 μl 
hexane was mixed and the cultures were centrifuged for 10 min at 11000 rpm. The 
dodecane-hexane layer was extracted for GC-MS analysis and comparison to the 
extract without lysis. All cultures and extractions were performed in triplicates. 

Quantification of the extracted taxadiene 

The dodecane-hexane extracts were analyzed on an HP-5MS (5% Phenyl)-
methylpolysiloxane column (Agilent J&W 0.25 mm inner diameter, 0.25 μm thickness, 
30 m length) in a Shimadzu GCMS-QP2010SE system equipped with a GC-2010 Plus 
high performance gas chromatograph (GC) and AOC-20i autoinjector. The extracts (2 
μl) were injected splitless onto the GC column, and helium was used as the carrier gas. 
The injector temperature was 250 °C, and the oven initial temperature was 100°C with 
an increase of 15 °C per minute up to 130 °C then 5 °C per minute till 210 °C. After 
210 °C was reached the temperature was raised to 280 °C with an increase of 35 °C per 
minute and held for 2 min. The solvent cutoff was 8 min. The MS instrument was set to 
selected ion mode (SIM) for acquisition, monitoring m/z ion 122 for taxadiene and β-
caryophyllene. The chromatographic peak areas for taxadiene and β-caryophyllene 
were determined using the integration tools in GCMSsolution 1.20 software 
(Shimadzu, Den Bosch, The Netherlands). A calibration curve of standard β-
caryophyllene with concentration range of 0.5-28 ppm was created. For quantification 
of taxadiene, the peak area for each sample was corrected by using the peak 
corresponding to the internal standard β-caryophyllene (i.e. multiply the taxadiene 
peak area for the sample by the peak area of reference β-caryophyllene sample, divided 
by the β-caryophyllene peak area of the sample). The taxadiene concentration in the 
sample was calculated by applying the linear regression equation resulting from the 
calibration curve to each adjusted taxadiene peak area. Finally, the concentration of 
taxadiene was divided by 10 to determine the amount of taxadiene produced per liter of 
culture as the dodecane layer constitutes a second phase (10%) in the culture then the 
taxadiene concentration obtained for each sample was divided by the OD600 of the 
corresponding culture to calculate the specific taxadiene production value 
(mg/L/OD600) β-caryophyllene equivalent[29]. 

Nucleotide sequence accession number 

The nucleotide sequence of the taxadiene synthase gene from the plant Taxus baccata 
was given the accession number: AY424738. The nucleotide sequence of the complete 
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genome of Pantoea ananatis was given the accession number: FUXY01000004. The 
crtE gene that expresses the GGPPS enzyme was amplified from genomic DNA of P. 
ananatis and the protein was assigned the accession number: SKA77365. The 
nucleotide sequence of the complete genome of Bacillus subtilis 168 was given the 
following accession numbers: AL009126 and NC000964. The MEP pathway genes used 
in this study were amplified from the genomic DNA of B. subtilis 168. 

Results 

Construction of different strains of B. subtilis 168 expressing taxadiene synthase 

The first construct to be cloned was pDR_txs where the taxadiene synthase gene was 
cloned into pDR111 plasmid then transformed into B. subtilis. This construct is 
designed to integrate the plant txs gene from Taxus baccata into the genome of 
B. subtilis where it is inserted into the amyE gene between the amyE front flanking 
region and amyE back flanking region[24]. The txs gene encodes the enzyme 
taxadiene synthase which is responsible of converting GGPP into taxa-4,11-diene. 
The second construct produced was pBS0E_crtE which is resulting from cloning the 
crtE gene from Pantoea ananatis that encodes the GGPPS enzyme into pBS0E 
replicative plasmid. The GGPPS enzyme is responsible for production of GGPP 
which is the precursor of taxadiene. The pBS0E_crtE construct was transformed into 
B. subtilis strain containing pDR111_txs to produce the txs + crtE strain. Finally, 
constructs overexpressing the different genes of the MEP pathway were cloned into 
pHCMC04G replicative plasmid then transformed into the txs + crtE B. subtilis 
strain. The aim was to increase the production of the precursors leading to the 
formation of taxadiene. Three MEP pathway constructs were used p04_SDFH, 
p04_CEGA and p04_SDFHCEGA to produce the following three strains txs + 
crtE + SDFH, txs + crtE + CEGA and txs + crtE + SDFHCEGA B. subtilis strains, 
respectively. All produced strains are listed in Table 2. The successful 
transformation of the constructs into the different B. subtilis strains was confirmed 
by colony PCR. 
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Table 2. Bacillus subtilis 168 strains generated in this study 
Strain Constructs Vectors Genes in the operon 
txs pDR_txs pDR111 txs 
txs + crtE pDR_txs 

pBS0E_crtE 
pDR111 
pBS0E 

txs 
crtE 

txs + crtE + SDFH pDR_txs 
pBS0E_crtE 
p04_SDFH 

pDR111 
pBS0E 
pHCMC04G 

txs 
crtE 
dxs + ispD + ispH + ispF 

txs + crtE + CEGA pDR_txs 
pBS0E_crtE 
p04_CEGA 

pDR111 
pBS0E 
pHCMC04G 

txs 
crtE 
ispC + ispE + ispG + ispA 

txs + crtE + SDFHCEGA pDR_txs 
pBS0E_crtE 
p04_SDFHCEGA 

pDR111 
pBS0E 
pHCMC04G 

txs 
crtE 
dxs + ispD + ispH + ispF + ispC + 
ispE + ispG + ispA 

Expression of taxadiene synthase in B. subtilis 168 

The taxadiene gene used is from the plant Taxus baccata and was combined with the B. 
subtilis mntA RBS and N-terminal histag. pDR111 plasmid was chosen to integrate the 
txs gene into the genome of B. subtilis. Different growth temperatures (37, 30 and 20 
ºC) were tried to determine the best temperature for the expression of TXS using the 
pDR_txs following induction by IPTG. The temperature after induction that showed 
best TXS expression was 20 ºC. The cell culture was lysed then the soluble protein 
fraction was used where the expression of TXS (approximately 89 kDa) was detected on 
Western blot by using specific antibodies against the his-tag as shown in Figure 2. 

Figure 2. Western blot of the soluble protein fraction showing taxadiene synthase expressed 
in Bacillus subtilis 168 after integration into the chromosome using pDR111 plasmid. The 
enzyme was visualized by using specific antibodies against the his-tag. 
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Level of production of taxadiene in different strains of B. subtilis 168 

The OD600 of the B. subtilis strains ranged from 10 to 13. The produced taxadiene was 
detected using GC-MS. The GC-MS chromatograms of the different B. subtilis strains 
showed the internal standard β-caryophyllene peak at retention time 9.25 min. and the 
taxadiene peak at retention time 20.5 min. (Figure 3a). The SIM mode was used to 
monitor m/z ion 122 in the mass spectrum of both β-caryophyllene (Figure 3b) and 
taxadiene (Figure 3c). The peak areas were calculated and used to determine the 
concentration of produced taxadiene. The total amount of taxa-4,11-diene 
(mg/L/OD600) produced in the different B. subtilis strains was compared (Figure 4). In 
addition, the effect of extraction of taxadiene with and without cell lysis was also 
compared in the different strains. The txs strain which only contains the pDR_txs 
construct relies on the innate MEP pathway and synthases for the production of 
taxadiene in B. subtilis. It showed the lowest production of taxadiene (0.016 
mg/L/OD600) and was used as a control to detect the effect of overexpression of other 
genes on the production level. Introduction of crtE gene, which expresses GGPPS 
enzyme, in the txs + crtE strain significantly increased the amount of taxadiene 
produced (0.314 mg/L/OD600) compared to the control txs strain where the production 
level was around 20 times higher than the control strain. This is probably due to the 
increased production of the precursor GGPP. Finally, combining the txs + crtE strain 
with overexpression of the MEP pathway genes and the ispA gene showed higher 
amounts of taxadiene with the txs + crtE + SDFHCEGA strain expressing all the genes 
showing the highest production levels (1.32 mg/L/OD600) which is approximately 83 
times higher than the control strain. In addition, cell lysis before extraction did not 
show significant increase to the production levels compared to extraction without lysis. 
This indicates that taxadiene is released from the cells into the dodecane layer during 
growth. In fact, the omission of a cell lysis treatment resulted in a reduction of 
contaminants to the taxadiene due to the lysis buffer and SDS used. Actually, the non-
lysed fermentation broth showed a thick cell pellet that could be removed easily by 
centrifugation whereas the lysed broth showed a completely clear solution. However, 
the chromatogram of the lysed culture showed extra peaks especially due to SDS 
(Figure 5). The addition of SDS was necessary for  complete lysis which couldn’t be 
achieved with lysozyme alone. 
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Figure 3. (a) GC chromatograms of the different strains of Bacillus subtilis in selected ion mode 
(SIM) for acquisition, monitoring m/z ion 122 to show the internal standard β-caryophyllene 
and the produced taxadiene peaks. (b) Mass spectrum of β-caryophyllene. (c) Mass spectrum of 
taxa-4,11-diene. 
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Figure 4. Amount of taxa-4,11-diene (mg/L/OD600) produced by the different strains of 
Bacillus subtilis. A comparison of the amounts produced by extraction of taxadiene with and 
without lysis of the cultures is presented. The experiment was performed in triplicates. 

 
Figure 5. GC chromatograms in total ion scan (TIC) of non-lysed (black) and lysed (pink) 
cultures of B. subtilis txs + crtE + SDFHCEGA strain. Note the impurities in the lysed fraction. 

Discussion 

In the last few decades, researchers focused on the use of metabolic engineering and 
synthetic biology to manipulate a variety of hosts for biosynthesis of numerous 
terpenoids. Biosynthetic pathways of terpenoids have been studied and the majority of 
the genes involved have been identified[30-33]. Among these terpenoids is the 
chemotherapeutic paclitaxel. This study focused on the engineering of B. subtilis for the 
production of the first committed intermediate, taxa-4,11-diene, in the biosynthesis of 
paclitaxel. The biosynthesis of taxadiene in B. subtilis (Figure 1) proceeds via the MEP 
pathway to produce IPP and DMAPP that would eventually be converted to the 
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precursor GGPP. The enzyme taxadiene synthase cyclizes GGPP to produce taxa-4,11-
diene[34]. Hence, the expression of the enzyme taxadiene synthase in B. subtilis is a 
prerequisite for production of taxadiene. Moreover, tuning of the MEP pathway in B. 
subtilis has been previously explored[20, 35] and can serve as a basis for improved 
production of taxadiene. 

In order for B. subtilis to produce taxadiene, the enzyme taxadiene synthase needs to be 
expressed. The gene expressing taxadiene synthase was amplified from the genome of 
the plant Taxus baccata that produces a protein of 862 amino acids. It has been 
reported that a pseudomature form of TXS where 60 amino acids were removed from 
the preprotein was superior in terms of level of expression, solubility, stability, and 
catalytic activity with kinetics analogous to that of the native enzyme[26]. Hence, a 
truncated TXS protein eliminating the first 60 amino acids (plastid targeting sequence) 
was expressed in B. subtilis. For successful expression in B. subtilis, the txs gene along 
with the B. subtilis mntA RBS and N-terminal histag were integrated into the 
chromosome using the pDR111 plasmid. The areas of the amyE gene flanking the txs 
gene in pDR111 allowed integration at the amyE locus in the B. subtilis chromosome. 
Following induction by IPTG at 20 ºC, a soluble TXS protein (~ 89 kDa) was expressed 
in B. subtilis and detected by Western blotting (Figure 2). The amount of taxadiene 
produced in this txs strain was measured. The produced amount was very low around 
0.016 mg/L/OD600 indicating that further tuning of the pathway leading to the 
formation of taxadiene precursor GGPP is essential to boost the taxadiene production 
level. 

In pursuance of increasing the production of taxadiene, higher levels of the precursor 
GGPP is required. In the biosynthetic pathway (Figure 1), IPP and DMAPP are 
converted to GPP with enzyme GPPS then GPP is elongated to FPP using the enzyme 
FPPS. Finally, GGPPS enzyme produce GGPP by lengthening FPP. Studies on prenyl 
synthases of B. subtilis from the gene or protein perspective are still limited. By 
examining the genome of B. subtilis, the ispA gene can be identified as the gene 
responsible for expressing the geranyl transferase enzyme[22, 23, 36]. Geranyl transferase of 
B. subtilis is depicted in the KEGG database as the enzyme responsible for not only the
synthesis of GPP but also of FPP and GGPP, so IspA protein is expected to act as GPPS,
FPPS and GGPPS[37]. However, UNIPROT database only describes it as farnesyl
pyrophosphate synthase with the ability to add one molecule of IPP to one molecule of
GPP resulting in FPP[38]. Long before the genome sequence of B. subtilis was revealed,
Takahashi and Ogura reported their efforts in purification of FPPS and GGPPS of B.
subtilis and examined their activities. It was revealed that there are indeed two different
proteins where FPPS size is approximately 67 kDa which is around two times of IspA
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protein size according to its codon length.  This could be explained as FPPS might be 
active in its homodimeric form similar to FPPS from other species. Meanwhile GGPPS 
size is approximately 85 kDa which differs from IspA protein or its oligomer. This 
GGPPS from B. subtilis could catalyze the condensation of IPP and DMAPP to produce 
not only GGPP and but also FPP and GPP, which made it different from the higher 
plants counterpart[38-41]. Owing to the difference between the genomic sequence data 
and protein studies of GGPPS of B. subtilis, there is no conclusive data to firmly state 
the presence of GGPPS in B. subtilis as unique entity gene or that IspA behave as 
GGPPS. However, the fact that the txs control strain produced very low levels of 
taxadiene indicates that GGPPS is present in B. subtilis in small amounts or that IspA 
performs the function of GGPPS with low activity. Hence, overexpression of GGPPS is 
the first step required to improve the production of taxadiene in B. subtilis. The gene 
that expresses GGPPS could be found in microorganisms that can produce C40 
carotenoids such as lycopene where GGPP precursor is needed in their biosynthesis. 
Example of these microorganisms are the Pantoea genus with its crtE gene and 
Corynebacterium glutamicum with its crtE and idsA genes[42-44]. CrtE of Pantoea has 
been widely used in metabolic engineering to produce high level of carotenoids and 
also C20 terpenoids in E. coli[45]. Hence, the crtE gene from Pantoea ananatis was cloned 
in the pBS0E vector and transformed into the B. subtilis txs strain. The amount of 
taxadiene produced (Figure 4) by the txs + crtE strain (0.314 mg/L/OD600) is 
approximately 20 times higher than the control txs strain (0.016 mg/L/OD600). This 
indicates that overexpression of the GGPPS enzyme is essential to increase formation of 
GGPP precursor in B. subtilis and in turn improve the production level of taxadiene. 

Finally, overexpression of the MEP pathway leads to increased production of IPP and 
DMAPP. After which overexpression of the ispA gene ensures higher amount of the 
FPP substrate that will be converted to GGPP and finally taxadiene. Constructs of the 
MEP pathway genes and ispA gene in pHCMC04G vector were transformed into the B. 
subtilis txs + crtE strain and the amount of taxadiene produced was measured and 
compared to the control txs strain. Overexpression of four of the genes showed a 
certain degree of increase in taxadiene production where the txs + crtE + SDFH strain 
produced 0.94 mg/L/OD600 while the txs + crtE + CEGA strain produced 0.53 
mg/L/OD600. The B. subtilis strain expressing TXS, GGPPS, all the MEP pathway and 
IspA enzymes (txs + crtE + SDFHCEGA) showed the highest level of production of 
taxadiene (1.32 mg/L/OD600) which is approximately 83 times higher than the txs 
control strain. The OD600 of this strain was approximately 13, hence the total 
production of taxadiene is around 17.2 mg/L. This production level is higher than the 
amount reported in yeast 8.7 mg/L[16] and in E. coli 11.3 mg/L[46]. Also, the taxadiene 
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production in B. subtilis is comparable to amorphadiene production that was reported 
in B. subtilis[21]. 

It is worth mentioning that the amount of taxadiene extracted from the cell culture 
with and without lysis is nearly the same (Figure 4). This indicates that taxadiene is 
released from the cells during growth and captured by the dodecane layer. The fact that 
taxadiene is not trapped in the cells and that lysis is not necessary, makes large scale 
production much simpler where the B. subtilis cell culture in fermentors can be 
overlayed with dodecane to collect the released taxadiene. In addition, contaminants 
from the lysis solution can be avoided. 

In conclusion, the successful expression of the enzyme taxadiene synthase in B. subtilis 
is reported for the first time. The expression of GGPPS in B. subtilis is crucial for 
production of the essential precursor GGPP. Hence, the production level of taxadiene is 
tuned by overexpression of GGPPS enzyme along with MEP pathway and IspA 
enzymes. This can serve as the basis for engineering B. subtilis as a cell factory for 
paclitaxel production. The txs + crtE + SDFHCEGA strain can be further engineered 
with additional enzymes (acyl transferases, cytochrome P450) necessary to produce 10-
deacetylbaccatin III which can be extracted and chemically converted to docetaxel or 
even paclitaxel[47]. This is similar to the reported semisynthetic approach that use 10-
deacetylbaccatin III extracted from the yew trees[10, 11], however the B. subtilis cell 
factory will eliminate the need to rely on the natural resources of the yew trees so avoid 
endangering the species and shortfalls due to crop conditions. 
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