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Full length Article 

High level production of amorphadiene using Bacillus subtilis as an 
optimized terpenoid cell factory 

Hegar Pramastya a,b,1, Dan Xue a,1, Ingy I. Abdallah a,c, Rita Setroikromo a, Wim J. Quax a,* 
a Department of Chemical and Pharmaceutical Biology, Groningen Research Institute of Pharmacy, University of Groningen, 9713 AV, Groningen, the Netherlands 
b Pharmaceutical Biology Research Group, School of Pharmacy, Institut Teknologi Bandung, 40132, Bandung, Indonesia 
c Department of Pharmacognosy, Faculty of Pharmacy, Alexandria University, Egypt   
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A B S T R A C T   

The anti-malarial drug artemisinin, produced naturally in the plant Artemisia annua, experiences unstable and 
insufficient supply as its production relies heavily on the plant source. To meet the massive demand for this 
compound, metabolic engineering of microbes has been studied extensively. In this study, we focus on improving 
the production of amorphadiene, a crucial artemisinin precursor, in Bacillus subtilis. The expression level of the 
plant-derived amorphadiene synthase (ADS) was upregulated by fusion with green fluorescent protein (GFP). 
Furthermore, a co-expression system of ADS and a synthetic operon carrying the 2-C-methyl-D-erythritol-4-phos
phate (MEP) pathway genes was established. Subsequently, farnesyl pyrophosphate synthase (FPPS), a key 
enzyme in formation of the sesquiterpene precursor farnesyl pyrophosphate (FPP), was expressed to supply 
sufficient substrate for ADS. The consecutive combination of these features yielded a B. subtilis strain expressing 
chromosomally integrated GFP-ADS followed by FPPS and a plasmid encoded synthetic operon showing a 
stepwise increased production of amorphadiene. An experimental design-aided systematic medium optimization 
was used to maximize the production level for the most promising engineered B. subtilis strain, resulting in an 
amorphadiene yield of 416 ± 15 mg/L, which is 20-fold higher than that previously reported in B. subtilis and 
more than double the production in Escherichia coli or Saccharomyces cerevisiae on a shake flask fermentation 
level.   

Introduction 

Terpenoids are considered, functionally and structurally, the largest 
and most diverse group among natural products. In spite of their di
versity, the backbone of all terpenoids is constructed by consecutive 
condensation of two C5 precursors, isopentenyl pyrophosphate (IPP) and 
its isomer dimethylallyl pyrophosphate (DMAPP). In eukaryotes and 
certain prokaryotes including archaebacteria, these C5 precursors are 
mainly produced via the mevalonate (MVA) pathway, while in pro
karyotes and plastids of plant cells, it is via the 2-C-Methyl-D-erythritol- 
4-phosphate (MEP) pathway. The number of known terpenoids 
currently characterized is over 50,000 compounds widespread among 
living organisms. Several terpenoids are commercially well known for 

their nutritional or medicinal applications. Among medically important 
terpenoids, the antimalarial artemisinin and the anticancer drug Taxol® 
are prime examples. Most terpenoids are produced naturally in low 
quantities and extraction from their biological material usually gives a 
low and fluctuating yield in spite of a substantial consumption of natural 
resources. Moreover, the complex structures of terpenoids cause their 
chemical synthesis to be problematic and expensive. Thus, there is a 
pressing need for alternative methods for production of terpenoids and 
as a result there has been a focus on the metabolic engineering of mi
crobial hosts to act as cell factories for terpenoid production [1–11]. 

Since 2002, the WHO has recommended artemisinin-based combi
nation therapy (ACT) as the first line for the treatment of uncomplicated 
Plasmodium falciparum malarial infection [12]. The demand for ACTs 

Abbreviations: MEP, 2-C-methyl-D-erythritol-4-phosphate; IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate; GRAS, generally regarded as 
safe; ADS, amorphadiene synthase; GFP, green fluorescent protein; FPPS, farnesyl pyrophosphate synthase; GC–MS, Gas chromatography–mass spectrometry; CCD, 
central composite designs; RSM, response surface method; OPT, optimized culture medium. 
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since then has kept increasing and it is predicted to reach 800 million 
ACT packages by 2021 [13]. Similar to the majority of terpenoids, 
relying on the plant source for commercial production of artemisinin has 
usually led to fluctuations in price and shortfalls in production of such an 
important medicine. Hence, semi-synthetic artemisinin production 
using microbial cell factory could be an alternative choice. Metabolically 
engineered yeast has been able to produce artemisinic acid, as the 
closest precursor to artemisinin, up to 25 g/L in a mixed feed two phase 
fermentation [14]. 

With its ‘generally regarded as safe’ (GRAS) status and fast growth 
rate, Bacillus subtilis might be a better choice to produce semi-synthetic 
artemisinin. Recently, B. subtilis garnered interest as a platform organ
ism for terpenoid production. It possesses an endogenous MEP pathway 
that is capable of producing high amounts of isoprene; in addition, its 
GRAS status makes it a better choice than Escherichia coli and it has been 
used in industry for decades for large scale fermentations. B. subtilis also 
has a faster growth rate than the yeast Saccharomyces cerevisiae that is 
similarly used as a microbial cell factory. It has been reported that C30 
carotenoids could be successfully produced in B. subtilis by expression of 
Staphylococcus crtM and crtN genes and the production of these carot
enoids was further enhanced by overexpression of different MEP 
pathway enzymes [15,16]. Moreover, co-expression of a synthetic 
operon of the MEP pathway with taxadiene synthase was able to in
crease the production level of taxadiene as paclitaxel (Taxol®) precursor 
to up to 17.8 mg/L [17]. Currently, many tools have been established to 
take B. subtilis capability to the next level. Genomic engineering tech
niques such as CRISPR Cas9 for example have been developed [18,19] 
and high dynamic promoters which facilitate better tuning of protein 
expression have been developed, together with a set of regulatory tools 
such as various ribosome binding sites [20,21]. The advances in the 
development of genetic methods for manipulation of B. subtilis makes it a 
strong candidate for use as a microbial cell factory that can compete and 
even exceed the widely researched E. coli and S. cerevisiae cell factories 
[22–25]. 

Amorphadiene is the first committed intermediate in synthesis of 
artemisinin. It is produced through the amorphadiene synthase (ADS)- 
catalyzed cyclization of farnesyl pyrophosphate (FPP), which is 
considered a rate limiting step in artemisinin production. Hence, the 
first step to establish B. subtilis as a cell factory for artemisinin produc
tion is the high-level expression of plant derived ADS. In several cases, 
plant enzymes may be poorly expressed in heterologous microbial hosts 
[5,6,26–29]. Hence, improving expression of ADS could have a pivotal 
role in high production of amorphadiene. Recently, modification of the 
N-terminus of proteins by means of a highly expressed protein tag or a 
fusion protein partner has been suggested to improve solubility, folding 
and overall expression of heterologous proteins in B. subtilis [22,30–32]. 
Green fluorescent protein (GFP), as a fusion protein partner, has become 
well known for its high level expression and correct folding in B. subtilis, 
giving high intensity of fluorescence either at the planktonic or biofilm 
culture of B. subtilis [22]. 

In this paper, we initially focus on improving the functional 
expression of ADS in B. subtilis, as compared to previous reports, by 
fusion with GFP. In addition to comparing the expression levels of ADS 
and the GFP-ADS fusion, plasmid-based and chromosomally integrated 
gene expression were also evaluated. The amount of amorphadiene 
produced by the different strains was improved by combination with a 
synthetic operon overexpressing all the MEP pathway enzymes and 
farnesyl pyrophosphate synthase (FPPS) in order to optimize the flux via 
the metabolic pathway. Finally, to ensure the highest production, factors 
affecting amorphadiene yield were systematically screened and 
optimized. 

Methods 

Bacterial strains, plasmids, and media 

Bacterial strains and plasmids used in this paper are listed in Table 1. 
E. coliDH5α strains were grown in Luria-Bertani broth (LB). B. subtilis 
168 strains were cultured in 2YT (1.6 % Bacto-tryptone, 1 % Bacto-yeast 
extract, 0.5 % NaCl, pH 7.0), 2PY (2 % peptone, 1 % Bacto-yeast extract, 
1 % NaCl, pH 7.0), TSB (17 g/L tryptone, 3 g/L soytone, 2.5 g/L 
dextrose, 5.0 g/L NaCl, 2.5 g/L K2HPO4) or 2SR (3 % Bacto-tryptone, 5 
% Bacto-yeast extract, 0.6 % K2HPO4, pH 7.0) as required. Antibiotics 
were added to media as necessary: 100 μg/mL ampicillin or 100 μg/mL 
erythromycin for E. coli DH5α and 5 μg/mL chloramphenicol, 10 μg/mL 
erythromycin or 10 μg/mL spectinomycin for B. subtilis 168. Glycerol, 
Na pyruvate, K2HPO4, MgCl2, MnCl2, CoCl2 and NH4Cl were used for 
medium optimization. Reagents, antibiotics and culture media compo
nents were purchased from Duchefa, Harlem, The Netherlands or Merck, 
Amsterdam, The Netherlands. 

Cloning and engineering of B. subtilis strains 

ads and gfp-ads genes were cloned into pDR111 and pBS0E plasmids 
by restriction dependent or circular polymerase extension cloning 
(CPEC) [33]. The gfp gene was codon optimized for Streptococcus pneu
moniae. The fpps gene from Saccharomyces cerevisiae was inserted 
downstream of the gfp-ads gene into both plasmids by using the CPEC 
protocol [33]. Plasmids were transferred into B. subtilis by chemically 
induced transformation following Anagnostopoulos protocol (full de
tails are available in the supplementary information) [25]. Prior to 
transformation, the pDR111 plasmid required linearization at a StuI 
restriction site. To overexpress the MEP pathway, three constructs of 
pHCMC04G plasmids containing partial and whole MEP pathway genes 
(Fig. 1) in operons controlled by a xylose inducible promoter, namely 
the SDFH operon harboring dxs, ispD, ispF and ispH, the CEGA operon 
harboring ispC, ispE, ispG and ispA, and the SDFHCEGA operon carrying 
all eight genes, were co-transformed to the B. subtilis strains harboring 
ads or gfp-ads gene. At the end, twelve strains of B. subtilis 168 were 
produced by transforming different combinations of the constructs 
(Table 2). 

Growth conditions and amorphadiene extraction 

Overnight cultures of the B. subtilis strains were diluted 50x in the 
selected medium to a final volume of 1 mL (in 14 mL round-bottom 
tubes) or 10 mL (in 100 mL Erlenmeyer flasks) and OD600 of around 

Table 1 
Bacterial strains and vectors used in this research.  

Bacterial 
strain 

Genotype References 

B. subtilis 168 trpC2 [39,40] 
Bsu_ads 168 amyE::Phyperspank ads; SpR This study 
Bsu_gfp-ads 168 amyE::Phyperspank gfp-ads; SpR This study 
Bsu_gfp-ads +

fpps 
168 amyE::Phyperspank gfp-ads + fpps; SpR This study 

E. coli DH5α F− endA1 hsdR17 (rk
− ,mk

+) supE44 thi− 1 
λ− recA1 gyrA96 relA1 φ80dlacZΔM15 

Bethesda 
Research Lab 
1986 

Plasmid Pertinent properties Reference 
pDR111 B. subtilis integration vector; ori-pBR322; 

Phyperspank IPTG-inducible promoter; SpR; 
AmpR 

[22] 

pBS0E B. subtilis and E. coli shuttle vector; ori-ColE1; 
ori- 1030 (theta replication); PxylA xylose- 
inducible promoter; ErmR; AmpR 

[23] 

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

xylose-inducible promoter; CmR; AmpR 

[16]  
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0.1. The expression cultures were incubated at 37 ◦C, and 220 rpm until 
OD600 0.7− 1. Then cultures were induced by 1 % xylose for strains 
bearing pHCMC04G and pBS0E plasmids and 1 mM IPTG for pDR111 
strains, and 15 % (v/v) dodecane (Sigma-Aldrich, Zwijndrecht, The 
Netherlands) containing 56 mg/L β-caryophyllene as internal standard 
was added to the cultures to trap the amorphadiene produced. After 
induction, the cultures were grown for 24 or 48 h at 20 ◦C and 220 rpm. 

The cultures and dodecane layers were collected as needed. 
Extracellular amorphadiene was trapped by dodecane during culture 

growth. To extract intracellular amorphadiene, the culture was first 
centrifuged at 16,200 xg for 15 min, then the supernatant was removed 
and the pellet was resuspended in lysis buffer [50 mM glucose, 25 mM 
Tris pH 8.0, 1 cOmplete™ Protease Inhibitor Cocktail tablet (1 tablet per 
50 mL), 0.25 mg/mL lysozyme, 20 mM MgCl2, 0.01 % DNAse 2000 
units/mg (Sigma-Aldrich, Zwijndrecht, The Netherlands)] with 200 μL 
dodecane containing internal standard. The resuspended pellets were 
incubated at 37 ◦C for 30 min with 220 rpm shaking. The mixtures of the 
cell lysate and dodecane were centrifuged for 10 min at 11,600 xg, then 
the dodecane layer was decanted for further GC–MS analysis (below). 

Real-time quantitative PCR (qPCR) analysis 

Total RNA was isolated from each of the strains after 5 h incubation 
following induction using Maxwell 16 LEV simply RNA purification kit 
(Promega, Leiden, The Netherlands). The isolated total RNA was directly 
processed through reverse transcription facilitated by random primers to 
produce cDNA. Real-time qPCR with SensiMix™ SYBR LowROX kit 
(Bioline, UK) was conducted to measure the transcript level. The abso
lute quantitation method was applied to analyze the transcription level 
of ads and MEP pathway genes, which was expressed as the log10 of the 
absolute copy number per unit input total cDNA (10 ng) (full details are 
available in the supplementary information). 

Western blot analysis 

Cells were pelleted from the cultures after 24 h growth in which the 
volume was normalized to OD600 = 1. The pellets were lysed by lysis 
buffer containing: 50 mM glucose, 25 mM Tris pH 8.0, 1 cOmplete™ 
Protease Inhibitor Cocktail tablet from Sigma-Aldrich (1 tablet per 50 
mL), 0.25 mg/mL lysozyme, 20 mM MgCl2, DNAse 0.01 %; and 

Fig. 1. Biosynthesis of amorphadiene (first committed precursor in artemisinin biosynthesis) via the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway in Bacillus 
subtilis cGAF/SDFHCEGA strain. Intermediates: 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-cyclodiphosphate (MEC), (E)-4- 
hydroxy-3-methylbut-2-en-1-yl diphosphate (HMBPP), isopentenyl diphosphate (IPP), dimethylallyl diphosphate (DMAPP), geranyl pyrophosphate (GPP) and far
nesyl pyrophosphate (FPP). Enzymes (genes): 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 ki
nase (IspE), 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (IspF), (E)-4-hydroxy-3-methylbut-2-enyldiphosphate synthase (IspG), 4-hydroxy-3-methylbut-2- 
enyl diphosphate reductase (IspH), isopentenyldiphosphate delta-isomerase (Idi), IspA which act as geranyl pyrophosphate synthase and farnesyl pyrophosphate 
synthase, Saccharomyces cerevisiae farnesyl pyrophosphate synthase (FPPS) and amorphadiene synthase (ADS). 

Table 2 
Strains constructed in this study.  

Strains* Vector Genes 

pA pBS0E ads 
pGA pBS0E gfp-ads 

pGA/CEGA pBS0E gfp-ads 
pHCMC04G ispC+ispE+ispG+ispA 

pGA/SDFH pBS0E gfp-ads 
pHCMC04G dxs+ispD+ispF+ispH 

pGA/SDFHCEGA 
pBS0E gfp-ads 
pHCMC04G dxs+ispD+ispF+ispH+ispC+ispE+ispG+ispA 

pGAF/SDFHCEGA 
pBS0E gfp-ads + fpps 
pHCMC04G dxs+ispD+ispF+ispH+ispC+ispE+ispG+ispA 

cA pDR111 ads in chromosome 
cGA pDR111 gfp-ads in chromosome 

cGA/CEGA 
pDR111 gfp-ads in chromosome 
pHCMC04G ispC+ispE+ispG+ispA 

cGA/SDFH 
pDR111 gfp-ads in chromosome 
pHCMC04G dxs+ispD+ispF+ispH 

cGA/ SDFHCEGA 
pDR111 gfp-ads in chromosome 
pHCMC04G dxs+ispD+ispF+ispH+ispC+ispE+ispG+ispA 

cGAF/ SDFHCEGA pDR111 gfp-ads + fpps in chromosome 
pHCMC04G dxs+ispD+ispF+ispH+ispC+ispE+ispG+ispA  

* Strain names starting with “p” indicated ads, gfp-ads genes or gfp-ads + fpps 
operon located in the replicating plasmid pBS0E, those names beginning with 
“c” depicted genes or operon that were integrated into the chromosome of 
B. subtilis. 
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incubated for 30 min at 37 ◦C. The protein concentration was measured 
by Bradford assay (Thermo-Fisher Scientific, Groningen, The 
Netherlands) and 40 μg of protein lysate samples were loaded onto an 
SDS PAGE gel, 4–12 % NuPAGE Bis-Tris precast gel system in NuPAGE 
MOPS running buffer solution (Thermo-Fisher Scientific, Groningen, 
The Netherlands), and run at 100 V for approximately 1 h. The protein 
was transferred to methanol activated PVDF membrane (Sigma-Aldrich, 
Zwijndrecht, The Netherlands) in cold transfer buffer [3.1 g tris-base, 
11.3 g glycine dissolved in 800 mL deionized water with 200 mL 
methanol (Duchefa, Harlem, The Netherlands), pH 7.6] for 1 h at 100 V. 
Then, the membrane was incubated with Blocking Buffer solution for 
fluorescent western blot (Rockland, MB-070) before incubation with 
primary and secondary antibodies. For detection of ADS, a special 
request proprietary rabbit polyclonal anti-ADS antibody, ordered and 
prepared using purified ADS protein (Davids Biotechnology GmbH, 
Regensburg, Germany), was used as primary antibody at a dilution of 
1:80. The secondary antibody was IRDye800 CW goat anti-rabbit IgG 
(Li-COR Biosciences, Bad Homburg, Germany, cat. No: 926-32211), 
1:10,000 dilution. 

Gas chromatography – mass spectrometry (GC–MS) analysis of 
amorphadiene 

Amorphadiene measurement was conducted according to published 
method [34]. The dodecane layer was diluted to an amorphadiene 
concentration in the range 3.5− 28 mg/L. Analysis was performed using 
a Shimadzu GCMS-QP5000 system equipped with a 17A gas chro
matograph (GC) and AOC-20i autoinjector. 2 μL extracts were injected 
splitless onto an Rx5-ms column (crossbond diphenyl dimethyl poly
siloxane). Injector temperature was 250 ◦C, column temperature was 
started at 100 ◦C for 3 min, then gradually increased to 130 ◦C at a rate 
of 15 ◦C/min, and followed by a rate of 5 ◦C/min until 180 ◦C. There
after, the temperature was increased to 280 ◦C at a rate of 20 ◦C/min, 
and held for 10 min. The MS detector was set to selected ion mode (SIM) 
monitoring m/z ion 189. The concentration of amorphadiene was 
calculated from β-caryophyllene (Extrasynthese, Lyon, France) standard 
curve and expressed as β-caryophyllene equivalent [17]. 

Analysis of segregational stability of the constructs in cGAF/SDFHCEGA 
B. subtilis strain 

Analysis of segregational stability was conducted for the most 
promising, cGAF/SDFHCEGA strain. The stability test was conducted in 
2YT medium in the absence of antibiotic for 40 generations. Segrega
tional stability depends on the percentage of colonies surviving on 
antibiotic agar plates. The segregational stability of each construct was 
represented as the average of the % of colonies retaining the plasmid 
construct, which is equal to [colonies on 2YT plate with antibiotic / 
colonies on 2YT plate without antibiotic * 100 %] (full details are 
available in the supplementary information) [17,35,36]. 

Medium optimization experimental design and statistical analysis 

A medium optimization experiment consisted of primary screening 
of medium elements, path of steepest ascent, and central composite 
designs (CCD) and response surface method (RSM). Several elements 
including carbon source (glycerol), substrate of MEP pathway (pyru
vate), buffer (K2HPO4), monovalent ion (NH4

+), and divalent ions (Mn2+, 
Mg2+, and Co2+) were screened. 2SR medium without K2HPO4 was used 
as the basic medium with pH adjusted to 7.0. Following the preliminary 
screening by fractional factorial design, the direction of the level of the 
variables was determined by a path of steepest ascent experiment. 
Finally, response surface method based on CCD was performed to model 
and visualize the optimum condition (full details are available in the 
supplementary information). 

Nucleotide sequence accession number 

The nucleotide sequence of the amorphadiene synthase gene from 
Artemisia annua was previously reported with accession number 
AY006482 [37]. The nucleotide sequence of gfp gene was optimized 
according to codon usage of Strep. pneumoniae, as previously reported 
with accession number KF410616 [22]. The fpps gene was amplified 
from genomic DNA of Saccharomyces cerevisiae with the gene ID 853272 
[38]. The nucleotide sequence of the complete genome of B. subtilis 168 
was previously reported with the accession numbers AL009126 and 
NC_000964 [39–42]. The MEP pathway genes used in this study were 
amplified from the genomic DNA of B. subtilis 168 [16]. 

Results 

Transcription of ads and MEP pathway genes confirmed by qPCR analysis 

qPCR was applied to determine the level of transcription of ads and 
MEP pathway genes. The results showed that the ads gene is transcribed 
at a high, almost equal level in each vector system (Fig. 2a). Tran
scription of ads was not significantly altered by constructing the gfp-ads 
fusion. For the assessment of the transcription level of MEP pathway 
genes, the copy number of the ispH-ispC fragment (HC), at the middle of 
the operon, was quantified as representative for all genes in this 
construct. Based on previous research, the level of gene expression at the 
beginning, middle and end of the p04SDFHCEGA operon was compared 
using the copy numbers of the dxs-ispD (SD), ispH-ispC (HC) and ispG- 
ispA (GA) fragments and was found to be similar [36]. The use of primers 
specific for each MEP pathway gene separately was avoided as the 
presence of a copy of each one in the B. subtilis genome would not allow 
differentiation between transcription of the chromosomal and plasmid 
genes. The analysis validated the transcription of MEP pathway genes in 
all strains constructed (Fig. 2b). 

Improved expression of ADS by creating a GFP-ADS fusion 

The step catalyzed by ADS has been identified as limiting in the 
biosynthetic pathway of artemisinin [43]. Hence, efforts were made to 
improve expression of ADS in metabolic pathways as a means of 
boosting the reaction, including codon usage optimization and con
struction of a fusion protein. Among them, ADS fusion proteins man
ifested the most promising improvement of ADS expression and 
amorphadiene production in B. subtilis or S. cerevisiae [6,44]. In this 
study, GFP, codon optimized for Strep. pneumoniae, was employed as 
fusion partner at the N-terminus of ADS to increase the efficiency of 
translation. This choice was suggested by the report that it exhibited 
better expression in B. subtilis compared to GFP codon optimized for 
B. subtilis [22]. The GFP-ADS fusion protein was considerably more 
abundant than ADS alone as can be seen from the signal in western blot, 
indicating that ADS expression was indeed strongly enhanced by 
N-terminal fusion with GFP (Fig. 3). In line with the hypothesis that 
more ADS would increase amorphadiene production, the yield of 
amorphadiene (0.78 mg/L/OD) in strains expressing GFP-ADS fusion 
increased 2-fold over strains containing ADS alone (0.35 mg/L/OD) 
(Fig. 3). 

Overexpression of all MEP pathway genes together with ispA increased 
amorphadiene production 

As the expression of ADS was significantly increased, the possibility 
of further improvement of amorphadiene production by increasing the 
flux through the upstream pathway was tested. In B. subtilis, terpenoids 
are derived from the common C5 building blocks, IPP and DMAPP, 
synthesized by its native MEP pathway (Fig. 1). Thus, increasing the 
supply of the C5 building blocks could elicit an enhancement in terpe
noid production. Our previous study demonstrated that pHCMC04G, a 
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theta replicating plasmid, containing MEP pathway genes significantly 
boosted production of heterologous terpenoids (C30 carotenoids and 
taxadiene) in B. subtilis [16,17]. Here, the plasmid encoding the MEP 
operon (SDFHCEGA) carrying dxs, ispD, ispF, ispH, ispC, ispE, ispG and 
ispA, was combined with the chromosomally encoded ADS constructs. 
Amorphadiene production was increased by approximately 4-fold in 
cGA/SDFHCEGA (2.74 mg/L/OD or 35.25 mg/L) compared to cGA 
(Fig. 4) and by 2-fold over a strain using the construct expressing only 
four genes of the MEP pathway (cGA/SDFH). A similar pattern can be 
seen in the strains using a compatible second theta replicating plasmid, 
pBS0E, to express ADS. The combination of SDFHCEGA and plasmid 
encoded ads gave slightly less product (2.31 mg/L/OD) than that yielded 
with the chromosomally integrated ads (Fig. 4). 

Additional expression of FPPS further enhanced yield of amorphadiene 

In previous reports in other hosts, heterologous expression of FPPS, a 
major chain elongation enzyme to form sesquiterpene precursor FPP, 
was applied to supply sufficient substrate for ADS [45]. Based on 

preliminary results, FPPS from S. cerevisiae, rather than that native to 
B. subtilis, was found to have more impact on amorphadiene synthesis in 
B. subtilis (supplementary Figure S1). Therefore, S. cerevisiae fpps was 
cloned downstream of the gfp-ads sequence rendering a single operon, 
(gfp-ads + fpps). Upon transfer into B. subtilis, noticeable improvement of 
amorphadiene was indeed found in both cGAF/SDFHCEGA and 
pGAF/SDFHCEGA strains (Fig. 4) compared to those without the fpps 
constructs (p < 0.10). Ultimately, the yield of amorphadiene reached 
3.40 mg/L/OD, or 42.50 mg/L. 

The constructs in cGAF/SDFHCEGA B. subtilis strain are segregationally 
stable 

Segregational stability is the ability of a bacterial strain to retain at 
least one plasmid in all daughter cells during cell division, while loss in 
productivity occurs as plasmid free cells develop. The segregational 
stability of the cGAF and SDFHCEGA constructs in the cGAF/SDFHCEGA 
B. subtilis strain was evaluated. In the absence of antibiotics, the strain 
showed a 100 % ability to retain the cGAF construct up to the 40th 

generation along with a 90 % retention of the SDFHCEGA construct 
(Fig. 5), which should be adequate for large scale fermentations in the 
absence of antibiotics [46,47]. 

Amorphadiene production is strongly boosted through medium 
optimization 

In addition to optimizing the genetic construct, the growth medium 
was systematically investigated to further boost amorphadiene pro
duction. For the most promising strain, cGAF/SDFHCEGA, seven factors, 
namely glycerol (carbon source), pyruvate (substrate of MEP pathway), 
K2HPO4 (buffer), NH4

+ (monovalent ion), and Mn2+, Mg2+, Co2+ (diva
lent ions), potentially affecting amorphadiene production were investi
gated by fractional factorial design (FFD). The optimization was 
performed based on 2SR medium due to its abundance of carbon and 
nitrogen source, amino acids and vitamins for bacterial growth. The 
effects of these variables on the response and significance levels are 
shown in supplementary Table S4. Statistical analysis identified pyru
vate, K2HPO4 and Mg2+ as the most significant factors for amorphadiene 
productivity. Pyruvate and K2HPO4 exhibited positive effects, whereas 
Mg2+ showed a negative influence. Therefore, they were selected for 
further optimization. 

The path of steepest ascent experiment was applied leading to a 
maximum production of amorphadiene when the medium was supple
mented by 2 % pyruvate, 4 % K2HPO4 and no Mg2+, which was chosen 
as the center point for the next CCD-RSM optimization. The predicted 
model from the CCD-RSM design was displayed in 3D response surface 
graphs (Fig. 6). The RSM model predicted a maximum yield of 

Fig. 2. Expression level of ads and MEP pathway genes in B. subtilis strains. (a) ads expression and (b) MEP pathway genes expression in B. subtilis strains were 
quantified by RT-qPCR using serial dilutions of standards and depicted as the log10 absolute copy number per unit input total cDNA (10 ng). The data represent the 
mean with standard deviation, n = 3. For detailed explanation of strain names used, see Table 2. 

Fig. 3. Comparison of ADS expression and amorphadiene production in ADS 
and GFP-ADS fusion constructs. Western blot bands above the graph represent 
ADS or GFP-ADS protein levels of the strains mentioned on the X-axis of the 
graph. Detection was done with a specially designed proprietary polyclonal 
antibody against ADS. Each lane contained 40 ng protein from total cell lysate 
of a 24 h culture. Amorphadiene was collected from 48 h culture in 1 mL 2YT 
and the concentration of amorphadiene was normalized by OD600. The pre
sented data are average of three replicates, and standard errors were plotted on 
the graph. Detailed explanation of strain names used can be found in Table 2. 
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amorphadiene of 245 mg/L when 1.85 % pyruvate and 4.85 % K2HPO4 
are used. To validate the prediction, cGAF/SDFHCEGA was cultured in 
optimized medium (designated OPT). The experimental yield of amor
phadiene was 258 ± 6 mg/L, thereby validating the model. 

The amorphadiene productivity and growth rate of cGAF/ 
SDFHCEGA grown in OPT were compared with other commonly used 
media (2YT, 2PY, TSB, 2SR) and it was found that OPT was the optimal 
for amorphadiene production. The yield in OPT was 3-fold and >6-fold 
higher than that in 2SR and the other tested media, respectively 
(Fig. 7a). Amorphadiene yields and biomass of cGAF/SDFHCEGA during 
culturing in 2YT and OPT were measured. Although the amorphadiene 
accumulation and bacterial growth rate were similar at the beginning of 
the culture, the yield of amorphadiene and cell density reached a plateau 
after around 24 h upon using 2YT medium. In OPT both showed a 
continuous increase and achieved the highest level at around 48 h 

(Fig. 7b). 
Subsequently, the culture volume was scaled up to 10 mL in 100 mL 

Erlenmeyer shake flasks with OPT and 2YT as control. Similar yields of 
extracellular amorphadiene were found in either 1 mL or 10 mL cultures. 
Surprisingly, a remarkable amount of intracellular amorphadiene was 
detected in OPT at 10 mL but not at 1 mL scale (150 mg/L). In total, the 
yield of amorphadiene in OPT was 416 ± 15 mg/L (Fig. 8), which is its 
highest production in B. subtilis reported hitherto. 

Fig. 4. (a) Levels of amorphadiene produced in engineered B. subtilis strains with plasmid encoded or chromosomally integrated ads. B. subtilis strains harboring the 
gfp-ads fusion or gfp-ads+fpps operon with or without co-expression of MEP pathway genes were cultured in 1 mL 2YT for 48 h, and the concentration of amor
phadiene was normalized by OD600. MEP operons were expressed: CEGA contains the genes: ispC, ispE, ispG and ispA, SDFH contains dxs, ispD, ispF and ispH and the 
SDFHCEGA operon of all 8 genes. The data obtained with plasmid encoded adsare in grey, the data with chromosomally integrated ads are in black. All data represent 
the mean with standard deviation, n = 3. ** indicates statistically significant difference (p < 0.05). (b) Expression vector for ads and synthetic operon containing MEP 
pathway genes in B. subtilis. The gfp-ads fusion followed by fpps gene were integrated into the B. subtilis chromosome at the amyE locus using pDR111 plasmid. 
Meanwhile a synthetic operon containing whole MEP pathway genes of B. subtilis in addition to ispA was carried extra-chromosomally by pHCMC04G plasmid. 

Fig. 5. Segregational stability of cGAF and SDFHCEGA operons in cGAF/ 
SDFHCEGA B. subtilis 168 strain. The stability is represented as the % of col
onies retaining the plasmid constructs formed on the spectinomycin or 
chloramphenicol-containing analytical plates, respectively, after successive 
subculturing in the absence of antibiotics (40 generations). The experiment was 
performed in duplicate. 

Fig. 6. 3D response surface graphs of pyruvate vs K2HPO4 for amorphadiene 
production. The response surface represents the relationship between the 
response (AD, amorphadiene, mg/L) and two variables (pyruvate and K2HPO4, 
in code). The highest predicted yield of amorphadiene (mg/L) is marked on the 
top of the graph. 
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Discussion 

Amorphadiene is the first committed sesquiterpene precursor in the 
biosynthesis of artemisinin (Fig. 1). With the high demand of artemisi
nin, the need for a sustainable method of production is a pressing issue. 
E. coli and S. cerevisiae have been engineered to produce high levels of 
artemisinin precursors, particularly artemisinic acid and amorphadiene, 
while similar metabolic engineering of B. subtilis for production of 
amorphadiene has lagged behind despite its high intrinsic capability to 
produce terpenoids. ADS has been co-expressed along with dxs and idi, 
two enzymes of the MEP pathway, in order to improve the production of 
amorphadiene in B. subtilis [6], but the final level achieved was only 
around 20 mg/L, much less than that by E. coli and S. cerevisiae. Hence, 
there is still room for improvement of amorphadiene production in 
B. subtilis. In this study, optimization steps encompassing enzyme 
modification, enhanced precursor supply and medium optimization 
have been explored, and resulted in an amorphadiene yield of 416 ± 15 
mg/L, the highest reported in B. subtilis till now. This is 21-fold higher 
than the previously reported yield in B. subtilis, and more than twice the 
production in bench scale cultured E. coli and S. cerevisiae [48,49]. 

The first limiting factor for high amorphadiene production in 
B. subtilis is the poor expression of ADS [6]. A well-known method to 
optimize translation is adaptation of the ads sequence based on B. subtilis 
codon usage; however, this resulted in low expression of ADS [6]. An 
alternative approach is to optimize the folding and stability of the ADS 
protein. Here, ads expression was optimized by N-terminal fusion to 

GFP, which is known to be capable of increasing protein solubility and 
overall expression [50]. In addition, GFP fluorescent intensity could be 
used as a reporter for ADS expression. As seen in Fig. 3, the signal of 
GFP-ADS on the western blot was considerably improved compared to 
ADS alone, and amorphadiene production achieved was twice that 
previously reported in B. subtilis expressing ADS fused with an Arg6 tag 
[6]. This improvement might be attributed to increased solubility, 
proper folding state or reduced degradation. It is possible that the gfp 
sequence is well adapted to the translation machinery of B. subtilis, and 
less likely to generate secondary structure of the mRNA, at the 5’ end of 
the sequence, compared to ads. In addition, its proper folding can 
contribute to stabilization of ADS. Thus, the GFP fusion has a positive 
effect on the expression and stability of ADS in B. subtilis. 

Further improvement of amorphadiene production was performed 
by enhancing the flux of the metabolic pathway and in turn increasing 
the supply of the C5 building blocks of terpenoids. Overexpression of 
some enzymes of the MEP pathway for higher production of terpenoids 
has been previously conducted in both E. coli and B. subtilis [2,5,16,51]. 
In previous reports, the pHCMC04G plasmid demonstrated its ability to 
stably overexpress part of or all of the MEP pathway in B. subtilis leading 
to improved terpenoids yield [16,17]. To co-express the GFP-ADS fusion 
along with the pHCMC04G-containing MEP pathway genes in B. subtilis, 
an additional plasmid compatible with pHCMC04G was required and 
two vectors were tested here. One is the pBS0E theta replicating plasmid 
with different origin of replication and antibiotic resistance cassettes 
than pHCMC04G, while the other is pDR111 integrative plasmid for 
expression by integrating genes of interest into the genome of B. subtilis, 
providing higher stability than replicating plasmids [22,23,52,53]. As a 
result, when co-expressed with pHCMC04G constructs of the MEP 
pathway, the B. subtilis strains with gfp-ads genomically integrated 
manifested higher amounts of amorphadiene than those with replicative 
pBS0E (Fig. 4). Combination of a replicative plasmid with an integrative 
plasmid possessing a strong promoter is superior to the combination of 
two replicative plasmids [54]. Hence, the overexpression of four MEP 
pathway genes showed a certain degree of increase in amorphadiene 
where the cGA/CEGA strain produced 0.84 mg/L/OD and cGA/SDFH 
strain produced 1.36 mg/L/OD. The B. subtilis strain expressing all 7 
MEP pathway genes and ispA along with chromosomally integrated 
gfp-ads caused a 4-fold increase in amorphadiene production (2.74 
mg/L/OD) compared to cGA strain only expressing GFP-ADS fusion. 

Moreover, higher levels of the sesquiterpene precursor FPP are 
required to further improve the production of amorphadiene. Expression 
of FPPS has been used to generate more substrate for ADS to improve 
amorphadiene production in E. coli or yeast, though not in B. subtilis [55, 
56]. As illustrated in Fig. 4, production of amorphadiene in strain 
cGAF/SDFHCEGA, which expressed FPPS and GFP-ADS fusion along 
with all the all the 7 MEP pathway enzymes and IspA, was increased to 
3.41 mg/L/OD (42.51 mg/L), which is approximately 5-fold higher than 
the strains containing only GFP-ADS fusion. Note that, IspA enzyme 
carries out the function of FPPS to some extent but additional expression 
of fpps gene from S. cerevisiae further increased the supply of the 

Fig. 7. Amorphadiene yield in 
commonly used medium and optimized 
medium (OPT). (a) Amorphadiene pro
duced in different media. B. subtilis 
strain cGAF/SDFHCEGA was cultured in 
1 mL of the four commonly used media 
and OPT, the yield of amorphadiene 
after 24 and 48 h was measured. (b) A 
curve of amorphadiene yield in 1 mL 
2YT and OPT at different time points. 
Amorphadiene production (black lines) 
and optical density (grey lines) of 
B. subtilis cultured in 2YT and OPT in 
different time points was detected (n =
3).   

Fig. 8. Intracellular and extracellular amorphadiene produced in 1 or 10 mL 
cultures of cGAF/SDFHCEGA B. subtilis strain. Both intracellular and extracel
lular amorphadiene produced in 2YT and OPT cultures were measured. 1 mL 
cultures were grown in 14 mL Falcon round-bottom tube, while 100 mL 
Erlenmeyer flasks were used for 10 mL cultures. All amorphadiene samples 
were collected after 48 h of culture. Error bars indicate standard deviations of 
total amorphadiene (n = 3). 
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precursor FPP. Additionally, this strain showed sufficient segregational 
stability of the different constructs up to the 40th generation of culti
vation to allow future large scale fermentation in the absence of 
antibiotics. 

As the most promising B. subtilis strain for amorphadiene production 
was constructed successfully, further optimization of the culture con
ditions to boost the yield of amorphadiene was performed by the Design 
of Experiment (DoE) method [57], which can evaluate multiple vari
ables systematically and simultaneously based on statistical analysis, 
and determine the optimal conditions with a minimal number of ex
periments. To date, it has been successfully used in optimization of 
fermentation variables for many practices in biotechnology such as 
enzyme production [58] and production of promising medical com
pounds in microorganisms [6,59]. Here, K2HPO4 and pyruvate were 
identified as the dominant factors influencing amorphadiene produc
tion. K2HPO4 may have a global metabolic effect on terpenoid produc
tion in B. subtilis, E. coli and yeast [6,48,51]. It served in the culture not 
only as a buffer but also as an ionic agent and source for phosphorus. 
When the MEP pathway genes were overexpressed in B. subtilis, lack of 
intracellular pyruvate substrate may have limited the efficiency of the 
pathway. To overcome this problem, pyruvate was added as a supple
ment to the medium leading to improved amorphadiene production as 
expected. Furthermore, it was reported that adding pyruvate and 
K2HPO4 to the growth medium of B. subtilis could drive the reactions in 
the MEP pathway towards terpenoid synthesis [51], which is in agree
ment with these results. Amorphadiene production by the optimum 
combination of these two factors was increased by 3-fold compared to 
that produced in non-optimized basic medium (from 83 mg/L to 258 
mg/L). 

Interestingly, when the cultures were scaled up from 1 mL (in 14 mL 
tubes) to 10 mL (in 100 mL flasks) using the optimized medium, similar 
extracellular amorphadiene (~260 mg/L) was observed, but intracel
lular amorphadiene was dramatically increased from 17 mg/L up to 150 
mg/L. It is a common finding that many target compounds accumulate 
intracellularly, and as a result the yield can reach saturation which may 
limit further production [60,61]. In E. coli, amorphadiene production 
was improved by efflux transporter engineering [61,62], nevertheless, 
in B. subtilis, this is the first report of intracellular amorphadiene. 
Compared to E. coli, in B. subtilis, as a gram-positive organism, the 
secretion of specific target compounds might be hampered by the 
thickness of its cell wall [63]. Therefore, further improvement of 
amorphadiene production might be attained by enhancing its export 
from the cell. 

Conclusion 

The improvement of ADS expression by means of GFP fusion in 
B. subtilis is reported. The production level of amorphadiene was upre
gulated by overexpression of FPPS together with the complete MEP 
pathway, reaching 416 ± 15 mg/L in optimized medium, which is 
currently the highest yield of amorphadiene reported in B. subtilis. The 
engineered B. subtilis strain for amorphadiene production, as well as 
investigation of intracellular amorphadiene, can serve as a starting point 
for further scale-up of aerobic cultures, from shake flasks to batch fer
mentors [64]. Hence, using higher biomass concentrations and 
controlled fermentor conditions including a two-phase reactor design, 
B. subtilis can be utilized as an efficient cell factory for high-value 
terpenoid production. 
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