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Abstract 

The supply of the anti-malarial drug artemisinin, produced naturally in the plant Artemisia 

annua, is usually unstable and insufficient, because it heavily relies on the plant as the 

major source. To meet the massive demand for this compound, metabolic engineering of 

microbial hosts for artemisinin production has been extensively researched in the past few 

decades. In this study, we focus on improving the production of amorphadiene, an 

artemisinin precursor, in the bacterial host Bacillus subtilis. We enhanced the expression 

level of the plant-derived amorphadiene synthase (ADS) by fusing it with green 

fluorescent protein (GFP). ADS is the enzyme responsible for catalyzing the first and rate 

limiting step in artemisinin biosynthesis by producing amorphadiene. Furthermore, a co-

expression system of ADS and the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway 

was established to improve the flux of the building blocks required for amorphadiene 

production. Subsequently, farnesyl pyrophosphate synthase (FPPS), a key enzyme to 

form the sesquiterpene precursor farnesyl pyrophosphate (FPP), was also expressed to 

supply sufficient substrate for ADS. Finally, the experimental design-aided systematic 

medium optimization method was used to systematically optimize the growth medium 

for the most promising engineered B. subtilis strain, resulting in a significant increase in 

the amorphadiene yield (416 ± 15 mg/L), which is 20-folds higher than previously 

reported in B. subtilis. 

Keywords: artemisinin; amorphadiene; Bacillus, MEP pathway; RSM 
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Introduction 

Among natural products, terpenoids are considered, functionally and structurally, the 

largest and most diverse group. In spite of their diversity, the backbone of all terpenoids 

is constructed by consecutive condensation of two C5 precursors, isopentenyl 

pyrophosphate (IPP) and its isomer dimethylallyl pyrophosphate (DMAPP). These C5 

precursors are produced via the mevalonate (MVA) or 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 famous for their medicinal or industrial applications. Numerous volatile 

monoterpenes are used in industry as flavors and fragrances. As for medicinally important 

terpenoids, the antimalarial artemisinin and the anticancer Taxol® are renowned 

examples. Most terpenoids are naturally produced in low quantities and extraction from 

their biological material usually gives a low and fluctuating yield despite of a substantial 

consumption of natural resources. Moreover, the complex structures of terpenoidal 

molecules cause their chemical synthesis to be problematic and expensive. Thus, there is 

a pressing need for alternative methods for production of terpenoids. Subsequently, 

researchers focused on the metabolic engineering of microbial hosts to act as cell factories 

for terpenoid production (Stevens 1992, Wagner, Helmig et al. 2000, Martin, Pitera et al. 

2003, Koehn and Carter 2005, Julsing, Koulman et al. 2006, Klein-Marcuschamer, 

Ajikumar et al. 2007, Withers and Keasling 2007, Muntendam, Melillo et al. 2009, 

Ajikumar, Xiao et al. 2010, Zhou, Zou et al. 2013, Abdallah and Quax 2017). 

Recently, Bacillus subtilis garnered interest as a platform organism for terpenoid 

production. B. subtilis possesses an endogenous MEP pathway that is capable of 

producing high amounts of isoprene. It is considered a Generally Regarded As Safe 

(GRAS) organism by the Food and Drug Administration (FDA), in addition to its high 

growth rate and wide substrate range. It was reported that C30 carotenoids were 

successfully produced in B. subtilis by expression of heterologous crtM and crtN genes. 

The production of these carotenoids was further boosted by overexpression of different 

MEP pathway enzymes. Also, overexpression of the MEP pathway genes, dxs and idi, 

along with the enzyme amorphadiene synthase (ADS) increased the production of 
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amorphadiene in B. subtilis (Yoshida, Ueda et al. 2009, Zhou, Zou et al. 2013, Guan, Xue 

et al. 2015, Xue, Abdallah et al. 2015).  

Artemisinin is a famous antimalarial terpenoid produced by the plant Artemisia annua. 

Relying on the plant source for commercially producing artemisinin have usually led to 

fluctuation in price and shortfalls in production. This led to the semi-synthetic artemisinin 

project funded by a grant from the Bill and Melinda Gates Foundation in 2004 to sustain 

the supply and price of artemisinin. This project successfully created semi-synthetic 

artemisinin by producing artemisinic acid in the yeast Saccharomyces cerevisiae followed 

by its chemical conversion to artemisinin (Paddon and Keasling 2014, Xie, Ma et al. 

2016). B. subtilis can be a better choice to similarly produce semi-synthetic artemisinin. 

Amorphadiene is the first committed intermediate in synthesis of artemisinin. It is 

produced through the 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 production is the high-level 

expression of heterologous ADS. In several cases, plant enzymes can be poorly expressed 

in heterologous microbial hosts. Hence, improving expression of ADS can have a pivotal 

role in high production of amorphadiene. Recently, modification of the N-terminus of a 

protein with a highly expressed protein tag or a fusion protein partner has been shown to 

improve solubility, folding and overall expression of heterologous proteins, for instance 

ADS, in B. subtilis (Dyson, Shadbolt et al. 2004, Kim, Han et al. 2007, Panavas, Sanders 

et al. 2009, Overkamp, Beilharz et al. 2013). GFP, as a fusion protein partner, has been 

well known for its high expression and proper folding in B. subtilis giving high intensity 

of fluorescence either at the planktonic or biofilm culture of B. subtilis (Overkamp, 

Beilharz et al. 2013). 

In this paper, we initially focus on improving the expression of ADS in B. subtilis as 

compared to previous reports by fusion of ADS with the green fluorescent protein (GFP). 

In addition to comparing the expression level of ADS and GFPADS fusion, plasmid-

based and chromosome integrated gene expression were evaluated. The amount of 

amorphadiene produced by the different strains was compared and improved by 

overexpression of all the MEP pathway enzymes and farnesyl pyrophosphate synthase 

(FPPS) to optimize flux. Finally, to ensure the highest production, factors that affect 
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amorphadiene yield were screened by fractional factorial design (FFD), and then the 

steepest ascent method was applied to determine the optimum level of each factor for 

further response surface methodology (RSM) optimization with central composite design 

(CCD). 

 

METHODS  

Bacterial strains, plasmids, and media 

Bacterial strains and plasmids used in this paper were listed in Table 1. E. coli DH5α 

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, pH 7.0) or 2SR (3 % Bacto-tryptone, 5 % 

Bacto-yeast extract, 0.6% K2HPO4, pH 7.0) as needed.  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, 100 μg/ml erythromycin or 100 μg/ml spectinomycin for B. 

subtilis 168. Glycerol, Na(pyruvate), K2HOP4, MgCl2, MnCl2, CoCl2 and NH4Cl were 

used for medium optimization. 

Table 1. Bacterial strains and vectors used in this research. 

Bacterial strain Genotype Reference 

B. subtilis 168 trpC2 (Kunst, Ogasawara et 

al. 1997, Barbe, 

Cruveiller et al. 2009) 

B. subtilis 168_ads 168 amyE::Phyperspank-ads; SpR This study 

B. subtilis 168_gfpads 168 amyE::Phyperspank-gfpads; SpR This study 

B. subtilis 168_gfpads-fpps 168 amyE::Phyperspank-gfpads-fpps; 

SpR 

This study 

E. coli DH5α F-endA1 hsdR17 (rk
-,mk

+) supE44 

thi-1 λ-recA1 gyrA96 relA1 

φ80dlacZ∆M15 

Bethesda Research Lab 

1986 

5 
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Plasmid Pertinent properties Reference 

pDR111 B. subtilis integration vector; ori-pBR322; 

Phyperspank IPTG-inducible promoter; SpR; 

AmpR 

(Overkamp, Beilharz 

et al. 2013) 

pBS0E B. subtilis and E. coli shuttle vector; ori- 

1030 (theta replication); PxylA xylose-

inducible promoter; ErmR; AmpR 

(Popp, Dotzler et al. 

2017) 

pHCMC04G 

 

B. subtilis and E. coli shuttle vector; ori-

pBR322; ori-pBS72 (theta replication); PxylA 

xylose-inducible promoter; CmR; AmpR 

(Xue, Abdallah et al. 

2015) 

 

Cloning and engineering of B. subtilis strains  

Three synthetic operons were constructed into two plasmids, pBS0E and pDR111. The 

first operon consisted of amorphadiene synthase gene (ads) from plant A. annua. The ads 

gene was cloned into pBS0E plasmid via XbaI and PstI sites resulting in the construct 

pBS0E-ads (Popp, Dotzler et al. 2017). A circular polymerase extension cloning (CPEC) 

protocol (Quan and Tian 2011) was used to insert ads into plasmid pDR111. The second 

operon, gfpads was constructed for expression of GFPADS fusion. The gfp gene 

optimized according to codon usage of S. pneumoniae  was amplified from pDR111-gfp 

plasmid (Overkamp, Beilharz et al. 2013) and fused to N-terminus of ADS by CPEC 

protocol. Finally, operon gfapads-fpps was constructed by cloning farnesyl 

pyrophosphate synthase gene (fpps) from S. cerevisiae and inserted into gfpads constructs 

using CPEC method. All these cloning steps were performed in E. coli DH5α and the 

sequences of all the generated recombinant plasmids were confirmed by sequencing 

(Macrogen, Europe). All primers used are listed in table S1. 

pDR111 constructs were integrated into the chromosome of B. subtilis 168 and pBS0E 

plasmids were transferred into B. subtilis 168 by Anagnostopoulos protocol (Radeck et 

al., 2013). Additionally, transformation of pDR111 plasmid required the linearization at 

StuI restriction site.  
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Three constructs expressing MEP pathway genes in pHCMC04G plasmid from our 

previous study were used. Two of which express four genes of the MEP pathway as 

follows: p04SDFH express the genes dxs, ispD, ispF and ispH while p04CEGA express 

the genes ispC, ispE, ispG and ispA. The third construct p04MEP8 express all the eight 

genes of the MEP pathway (Xue, Abdallah et al. 2015). Then pHCMC04G plasmids 

containing MEP pathway genes were transformed into B. subtilis 168 strains bearing 

pBS0E plasmid or integrated by pDR111 constructs by Anagnostopoulos protocol 

(Radeck et al., 2013). Twelve strains of B. subtilis 168 were produced by transforming 

different combinations of the constructs (Table 2).  

Table 2  Strains constructed in this study 

Strains* Vector Genes 

pA pBS0E ads 

pGA pBS0E gfpads 

pGA/CEGA pBS0E 

pHCMC04G 

gfpads 

ispC+ispE+ispG+ispA 

pGA/SDFH pBS0E 

pHCMC04G 

gfpads 

dxs+ispC+ispF+ispH 

pGA/MEP8 pBS0E 

pHCMC04G 

gfpads  

dxs+ispC+ispF+ispH+ispC+ispE+ispG+ispA 

pGAF/MEP8 pBS0E 

pHCMC04G 

gfpads-fpps 

dxs+ispC+ispF+ispH+ispC+ispE+ispG+ispA 

cA pDR111 ads in chromosome 

cGA pDR111 gfpads in chromosome 

cGA/CEGA pDR111 

pHCMC04G 

gfpads in chromosome  

ispC+ispE+ispG+ispA 

cGA/SDFH pDR111 

pHCMC04G 

gfpads in chromosome 

dxs+ispC+ispF+ispH 

cGA/MEP8 pDR111 

pHCMC04G 

gfpads in chromosome 

dxs+ispC+ispF+ispH+ispC+ispE+ispG+ispA 

cGAF/MEP8 pDR111 

pHCMC04G 

gfpads-fpps in chromosome 

dxs+ispC+ispF+ispH+ispC+ispE+ispG+ispA 

5 
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*Strain names starting with “p” indicated ads, gfpads, or gfpads-fpps operons located in the 

replicated plasmid pBS0E, those names beginning with “c” depicted operons that were integrated 

into the chromosome of B. subtilis. Gene names are according to Xue et al (2015). 

Growth conditions and amorphadiene extraction 

Overnight cultures of the B. subtilis strains were diluted 50 times 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). The expression cultures were incubated at 37 °C, and 220 rpm until the OD600 

was between 0.7-1. Then cultures were induced by 1% xylose for strains bearing 

pHCMC04G and pBS0E plasmid and 1mM IPTG for pDR111 strains, and 15% (v/v) 

dodecane (containing 56 ppm β-caryophyllene as internal standard) was applied to trap 

the amorphadiene. After induction, the cultures were grown at 20 °C and 220 rpm. The 

cultures and dodecane layers were collected as needed.  

Extracellular amorphadiene was extracted by dodecane during culture growth. To extract 

intracellular amorphadiene, the culture was first centrifuged at 13,000 rpm 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 (1 tablet per 50 mL), 0.25 

mg/mL lysozyme, 20 mM MgCl2, DNAse 0.01%) 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 

11,000 rpm, then the dodecane layer was decanted for further GC-MS analysis.  

Real-time quantitative PCR (qPCR) analysis  

After induction B. subtilis 168 cells were incubated for 5 h at 20 ℃ under shaking 

condition and harvested for total RNA isolation. Maxwell® 16 LEV simply-RNA 

Purification Kit was used to extract total RNA with an additional lysozyme digestion step 

(Livak and Schmittgen 2001). Subsequently, Moloney Murine Leukemia Virus Reverse 

Transcriptase (M-MLV RT, Promega) together with random primer (Promega) was used 

to synthesize cDNA in the reverse transcription reaction. The thermal program was: 10 

min at 20 °C, 60 min at 37 °C, 12 min at 20 °C, 5 min at 99 °C, and then keep the program 

at 4 °C. cDNA was used in qPCR immediately, or stored at −20 °C until use. 
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The real-time quantitative PCR (qPCR) with SYBR Green (SensiMixTM SYBR Low-

ROX kit, Bioline) was performed to detect the transcriptional level of target genes in 

QuantStudioTM 7 Flex Real-Time PCR Systems (Thermo Fisher Scientific). The analysis 

was performed in triplicate. The thermal cycling program was: 95 °C for 10 min, 40 cycles 

of 95 ℃ for 15 s, 60 ℃ for 25 s, and followed by melting curve analysis using the 

defaulted program. Data analysis was carried out using QuantStudioTM Real-Time PCR 

Software v1.3 (Thermo Fisher Scientific). 

The absolute quantitative method was applied to analyze transcription level of ads and 

MEP pathway genes (fragment ispH-ispC as being representative for all genes in the 

operon), which was expressed as logarithmic of absolute copy number per unit input total 

RNA (10 ng) (Livak and Schmittgen 2001). Plasmid pDR111-ads and p04MEP8 were 

applied to generate standard curve for ads and MEP pathway fragment ispH-ispC, 

respectively. 16S rRNA gene was used as housekeeping gene (Gao, Zhang et al. 2011, 

Rocha, Santos et al. 2015). Primers were designed using NCBI Primer-BLAST online 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Ye, Coulouris et al. 2012), and listed 

in Table S1. 

Western Blot analysis  

Cells were pelleted from the culture after 24 hrs growth in which the volume is normalized 

to the OD600 = 1. The pellets were lysed by lysis buffer containing: 50 mM glucose, 25 

mM Tris (pH 8.0), 1 cOmplete protease inhibitor (1 tablet per 50 mL), 0.25 mg/mL 

lysozyme, 20mM MgCl2, DNAse 0.01%; and incubated for 30 min at 37C. The protein 

concentration was measured by Bradford assay and 40 g of protein lysate samples were 

loaded onto SDS PAGE gel. The protein was transferred on PVDF membrane. For 

detection of ADS, a synthesized rabbit polyclonal antibody antiADS (Davids 

Biotechnology GMBH) was used as primary antibody at a dilution of 1:80. The secondary 

antibody was IRDye800 CW goat anti-rabbit from LiCor Bioscienc.  

GC-MS analysis of amorphadiene 

Amorphadiene measurement was conducted according to Rodriguez et al. (Rodriguez, 

Kirby, Denby, & Keasling, 2014). The dodecane layer was diluted to get amorphadiene 

concentration in the range of 3.5 to 28 mg/L. Analysis was done using Shimadzu GCMS-

5 
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QP5000 system equipped with a 17A gas chromatograph (GC) and AOC-20i autoinjector. 

2µL extracts were injected splitless onto Rx5-ms column (crossbond diphenyl dimethyl 

polysiloxane). Injector temperature was 250°C, column temperature was started at 100°C 

for 3 mins, 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. Afterward, temperature was increased to 280°C at a rate of 

20 °C/min, and held for 10 minutes. MS detector was set at SIM mode at 189 m/z. 

Concentration of amorphadiene was equivalent to β-caryophyllene calculated from β-

caryophyllene standard curve. 

Medium optimization experimental design and statistical analysis 

Primary screening of factors  

Fractional Factorial Design (FFD) was applied to evaluate main effects of the factors and 

select the most significant ones affecting amorphadiene production in B. subtilis. In this 

study, the influence of carbon source (glycerol), substrate of the MEP pathway (pyruvate), 

buffer (K2HPO4), monovalent ions (NH4
+), and divalent ions (Mn2+, Mg2+, Co2+) was 

optimized for the yield of amorphadiene in B. subtilis (Picaud, Olofsson et al. 2005, Chen, 

Zhang et al. 2013, Zhang, Chen et al. 2013, Zhou, Zou et al. 2013, Chen, Zhang et al. 

2017). A 27-2 FFD (Resolution IV) with 7 factors at 2 levels and 3 replicates at the central 

points was performed, in which amorphadiene production (mg/L) was set as the response 

(Table 3). Details of the design are shown in supplementary material Table S2. 2SR 

medium without K2HPO4 was used as basic medium for the following optimization, and 

pH was adjusted to 7.0 in each condition. All optimization experiments were performed 

in 1 mL culture. 

Table 3 Factors and levels tested in FFD 

Factor   Units Level* -1 Level 0 Level +1 

C source Glycerol % 0.5 1 1.5 

Substrate Na (pyruvate) % 0.5 1 1.5 

Buffer K2HPO4 % 2.5 3.0 3.5 
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Monovalent ions NH4
+ mM 30 50 70 

Divalent ions Mn2+ mM 2.5 5 7.5 

Mg2+ mM 10 15 20 

Co2+ mM 0.5 2.5 4.5 

* level -1 = low level; level 0 = center point; level +1 = high level

Path of the steepest ascent experiment 

The path of steepest ascent was then adopted to move rapidly towards the optimal region 

of the optimum response. The experiment was applied to determine a suitable direction 

by increasing or decreasing the levels of variables according to the results of FFD.  

Central composite designs (CCD) and response surface method 

To investigate the nature of the response surface in the optimum region, a response 

surface methodology (RSM) based on the CCD was performed. Each factor was varied 

over 5 levels, plus and minus alpha (axial points or star points, 1.41421), plus and minus 

1 (factorial point) and the center point (0). This design allowed curvature estimation and 

could maintain rotatability. The levels and actual values of each factor are shown in Table 

4, and the design matrix is given in supplementary material Table S3.  

Table 4 Factor ranges of CCD-RSM 

Factor Unit 
Coded level and actual value 

-1.414 -1 0 +1 +1.414

Na(Pyruvate) % 0.59 1 2 3 3.41 

K2HPO4 % 2.59 3 4 5 5.41 

Statistical analysis and validation 

Design-Expert 8.0 (Stat-Ease Inc., Minneapolis, USA) was used for the experimental 

designs and subsequent regression analysis of the experimental data. Data were subjected 

5 
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to analysis of variance (ANOVA), and a polynomial equation was used to describe the 

relationship between variables and response (amorphadiene production). The quality of 

the polynomial model equation was tested statistically by the co-efficient of determination 

R2, and its statistical significance was judged by an F-test. The significance of the 

regression co-efficient was determined by a t-test.  

 

Results 

Transcription of ads and MEP pathway genes are confirmed by qPCR analysis 

QPCR was performed to determine the level of transcription of ads and MEP pathway 

genes in B. subtilis. The results showed that the ads gene is transcribed in all engineered 

strains after induction with xylose or IPTG (Fig 1a, transcription level of ads in non-

induced strains was illustrated in supplementary Fig. S1). The strains with the replicative 

plasmid pBS0E (strain names starting with “p”) have higher ads copy numbers than the 

strains where the gene is integrated into the chromosome (strain names beginning with 

“c”). 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 

being representative for all genes in this construct. The analysis validated the transcription 

of MEP pathway genes in engineered B. subtilis strains (Fig 1b). 

 

Fig 1.   Expression level of ads and MEP pathway genes in B. subtilis strains. ads 

expression (a) and MEP genes expression (b) in B. subtilis strains were quantified by RT-qPCR 

using serial dilutions of standards and depicted as the logarithmic of absolute copy number per 
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unit input total RNA (10 ng). The data represent the mean with standard deviation, n=3. For 

detailed explanation of the names of the used strain see Table 2. Briefly, strain names starting 

with “p” indicated ads, gfpads, or gfpads-fpps operons located in the replicative plasmid pBS0E, 

those names beginning with “c” depicted operons that were integrated into the chromosome of B. 

subtilis   

The expression of ADS is improved by creating a GFPADS fusion  

The step catalyzed by ADS has been identified as a limiting step in the amorphadiene 

biosynthetic pathway (Bouwmeester, Wallaart et al. 1999). Therefore, various efforts 

were performed to improve expression of ADS in metabolic pathways as a way of 

boosting the reaction, such as codon usage optimization or the construction of a fusion 

protein. Among them, ADS fusion proteins manifested the most promising improvement 

of ADS expression and amorphadiene production in B. subtilis or S. cerevisiae (Baadhe, 

Mekala et al. 2013, Zhou, Zou et al. 2013). In this study, the green fluorescent protein 

(GFP), codon optimized for Streptococcus pneumoniae, was employed as the fusion 

partner at the N-terminus of ADS to increase the efficiency of translation. The choice for 

this GFP was inspired by the report that the construct codon optimized for S. pneumoniae 

exhibited in B. subtilis a better expression than the one codon optimized for B. subtilis 

(Overkamp, Beilharz et al. 2013). The GFPADS fusion protein was considerably more 

abundantly present than ADS alone as can be seen from the signal in western blot 

indicating that the expression of ADS is indeed strongly enhanced by fusing GFP at the 

N-terminus (Fig 2). In line with the hypothesis that more ADS would increase 

amorphadiene production, yield of amorphadiene (0.78 mg/L/OD) in strains expressing 

GFPADS fusion increased by 2-fold over strains containing non-fusion ADS (0.35 

mg/L/OD) (Fig 2). The outcomes demonstrate the ability of GFP to improve expression 

of ADS and the effect of an increased enzyme level on production of amorphadiene.  

5 
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Fig 2. ADS expression and amorphadiene production by using GFPADS fusion. 

Western blot bands above the graph representing ADS or GFPADS protein levels of the strains 

mentioned on the X-axis of the graph. Detection was done with a proprietary polyclonal antibody 

against ADS. Each lane contained 40 ng protein from total cell lysate from a 24 hrs culture. 

Amorphadiene was collected after 48hrs culture in 1 mL 2YT and the concentration of 

amorphadiene was normalized by OD600. The B. subtilis expressing GFPADS produced more 

amorphadiene than that expressing non-fusion ADS. The presented data were average of three 

replicates, and standard errors were plotted on the graph. For detailed explanation of strain names 

used see Table 2. 

Overexpression of the complete MEP pathway genes increases the 

amorphadiene production  

Now that the expression of ADS was significantly improved, we tested whether increase 

of the flux through the upstream pathway can improve amorphadiene synthesis even 

further. In B. subtilis, terpenoids are derived from the common C5 building blocks, IPP 

and DMAPP, synthesized by its native MEP pathway. We reasoned that increasing the 

supply of C5 building blocks will be able to elicit an enhancement in terpenoid production. 
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Our previous study demonstrated that pHCMC04G, a theta replication plasmid, 

containing MEP pathway genes significantly boosted production of heterologous 

terpenoids (C30 carotenoids) in B. subtilis (Xue et al, 2015). Now we have combined the 

plasmid encoded MEP operon with the chromosomally encoded ADS constructs. 

Amorphadiene production was remarkably increased by approximately 4-fold in 

cGA/MEP8 (2.74 mg/L/OD or 35.25 mg/L) as compared to cGA (Fig 3), and increased 

2-fold over strains using the constructs 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 MEP8 and plasmid 

encoded ADS gives slightly less product than that yielded with chromosome integrated 

ads (Fig 3).  

Additional expression of FPPS further enhances the yield of amorphadiene 

In previous reports in other hosts, heterologous expression of farnesyl pyrophosphate 

synthase (FPPS), a major chain elongation enzyme to form sesquiterpene precursor 

farnesyl pyrophosphate (FPP), was applied to supply sufficient substrate for ADS 

(Banyai, Kirdmanee et al. 2010, Ma, Garcia et al. 2011). Based on preliminary results 

obtained by us, FPPS from S. cerevisiae, rather than that native to B. subtilis, was found 

to have more impact on amorphadiene synthesis in B. subtilis (Supplemental Fig. S2). 

Therefore, the fpps gene from S. cerevisiae was cloned behind the gfpads sequence 

rendering a single operon, gfpads-fpps.  Upon transfer into B. subtilis, noticeable 

improvement of amorphadiene was indeed found in both cGAF/MEP8 and pGAF/MEP8 

strains (Fig 3) compared to strains without the fpps constructs (p < 0.05). Ultimately, the 

yield of amorphadiene reached 3.40 mg/L/OD, or 42.50 mg/L.  
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Fig 3. Amorphadiene produced in engineered B. subtilis strains with plasmid 

encoded or chromosomally integrated ADS. B. subtilis strains harboring gfpads fusion or 

gfpads-fpps operon with or without co-expression of MEP pathway genes were cultured in 1 mL 

2YT for 48hrs, and the concentration of amorphadiene 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 MEP8 operon with all 8 genes. The data obtained with plasmid encoded ADS 

are 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). 

Amorphadiene production is strongly boosted in optimized medium 

Apart from optimizing the genetic construct, we have systematically investigated the 

growth medium.  For the most promising strain, cGAF/MEP8, seven factors, glycerol 

(carbon source), pyruvate (substrate of MEP pathway), K2HPO4 (buffer), NH4
+ 

(monovalent ion), and Mn2+, Mg2+, Co2+ (divalent ions), which might affect 
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amorphadiene production were investigated by FFD, (Picaud, Olofsson et al. 2005, Chen, 

Zhang et al. 2013, Zhang, Chen et al. 2013, Zhou, Zou et al. 2013, Chen, Zhang et al. 

2017). The optimization was performed based on 2SR medium without K2HPO4 due to 

its abundance of carbon and nitrogen source, amino acid and vitamin for bacterial growth. 

The effects of these variables on the response and significance levels are shown in Table 

S4. Statistical analysis identified pyruvate, K2HPO4 and Mg2+ as the most significant 

factors for amorphadiene productivity. Pyruvate and K2HPO4 exhibited a positive effect, 

whereas Mg2+ showed a negative influence. Therefore, they were selected for further 

optimization.  

The path of steepest ascent experiment was applied to move to the optimum region 

quickly by increasing pyruvate and K2HPO4, and decreasing Mg2+ concentration. In these 

experiments, a maximum production of amorphadiene was obtained when the medium 

contained 2 % pyruvate, 4 % K2HPO4 and no Mg2+, which was chosen as center point for 

next CCD-RSM optimization.  

In CCD-RSM design, pyruvate was set as x1 and K2HPO4 as x2, the effect of each factor 

was identified by t-text and P-value (Table 5).  

Table 5 Coefficient of response surface quadratic model  

Term Coefficient St. Coef. F-value P-value 

Intercept 223.76 8.01 37.89 <0.0001 

x1  3.71 4.48 0.69 0.4206 

x2 50.16 4.48 125.33 <0.0001 

x1* x2 -17.59 6.34 7.71 0.0141 

x1
2  -37.04 5.58 44.10 <0.0001 

x2
2 -30.93 5.58 30.76 <0.0001 

R2 = 92.66%， Adjusted R2 = 90.22% 

The F-value, P-value, and R2 (also, adjusted R2) imply that the model is reliable and has 

a good relationship between the observed and predicted responses (Chen, Bai et al. 2009). 
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The model can be presented in the following equation: Y = 223.76 + 3.71 x1 + 50.16 x2 – 

17.59 x1* x2 – 37.04 x1
2 -30.93 x2

2, in which Y is the predicated amorphadiene yield 

(mg/L), x1 is pyruvate and x2 is K2HPO4. The predicted model can also be displayed in 

3D response surface graphs to gain a better visualized understanding of the effects of 

variables on the production (Fig 4).  

 

Fig 4. 3D response surface graphs of pyruvate vs. K2HPO4 for amorphadiene 

production.  The response surface represents the relationship between the response 

(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. 

The response surface method model predicted that the maximum yield of amorphadiene 

will be 245 mg/L, when pyruvate (x1) is in code level -0.15 and that of K2HPO4 (x2) in 

0.85, which were 1.85 % pyruvate and 4.85 % K2HPO4, respectively. To verify the 

prediction, cGAF/MEP8 was cultured in optimized medium (designated OPT). The 

experimental yield of amorphadiene was 258 ± 6 mg/L which is nearly the same as the 

predicted value 245 mg/L, thereby validating the model.  
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The amorphadiene productivity and growth rate of cGAF/MEP8 grown in OPT were 

compared with other commonly used medium (2YT, 2PY, TSB, 2SR). It was found that 

OPT was superior for amorphadiene production compared to all other media tested. 

Amorphadiene yield in OPT was 3-fold and more than 6-fold higher than that in 2SR and 

other tested media (2YT, 2PY and TSB), respectively. (Fig. 5a). Amorphadiene yields 

and biomass of cGAF/MEP8 during culturing in 2YT and OPT were measured. Although 

the amorphadiene accumulation and bacterial growth rate were similar at the beginning 

of the culture (till around 20hrs), the yield of amorphadiene and cell density reached a 

plateau as the incubation continued in 2YT. In OPT both of them kept increasing and 

achieved the highest level at around 48 hrs (Fig. 5b).   

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 or 10 mL cultures.  Surprisingly, a remarkable amount of intracellular 

amorphadiene was detected in OPT at 10 mL scale and not at 1 mL scale (150 mg/L).  In 

total, the yield of amorphadiene in OPT was 416 ± 15 mg/L (Fig. 6), which is the highest 

production of amorphadiene in B. subtilis reported hitherto.  

 

Discussion  

Amorphadiene is the first committed sesquiterpene precursor in the biosynthesis of 

artemisinin. With the high demand of artemisinin, the need for a sustainable production 

of amorphadiene is a pressing issue. E. coli and S. cerevisiae have been researched and 

engineered to produce high levels of artemisinin precursors, particularly artemisinin acid 

and amorphadiene (Farhi, Marhevka et al. 2011, Westfall, Pitera et al. 2012, Zhang, Zou 

et al. 2015). Meanwhile, similar research on metabolic engineering of B. subtilis for 

production of amorphadiene has been lagging behind in spite of its high intrinsic 

capability to produce terpenoids. Zhou, et al. (2013) co-expressed ads along with dxs and 

idi, two enzymes of the MEP pathway, in order to improve the production of 

amorphadiene in B. subtilis. However, the final amorphadiene production level achieved 

was only around 20 mg/L, much less than amorphadiene produced by E. coli and S. 
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cerevisiae. Hence, there is still room for improvement when it comes to production of 

amorphadiene in B. subtilis. 

 

 

Fig 5. Amorphadiene yield in commonly used medium and optimized medium 

(OPT). (a) Amorphadiene produced in different media. B. subtilis strains were cultured in 1 mL 

four commonly used media and OPT, the yield of amorphadiene after 24 and 48 hrs were 

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). 
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Fig 6. Intracellular and extracellular amorphadiene produced in 1 or 10 mL 

cultures. Both intracellular and extracellular amorphadiene produced in 2YT and OPT cultures 

were measured. 1 mL cultures were performed 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 hrs of culture. Error bars indicate standard deviations of total amorphadiene (n=3). 

In this study, optimization steps encompassing enzyme modification, enhanced precursor 

supply and medium optimization have been explored. These optimizations resulted in 

amorphadiene yield of 416 ± 15 mg/L, which is the highest reported in B. subtilis till now. 

It is 21-fold higher than the previously reported yield in B. subtilis (Zhou, Zou et al. 2013), 

and more than 2-fold higher than production in bench scale cultured E. coli and S. 

cerevisiae (Baadhe, Mekala et al. 2014, Zhang, Zou et al. 2015).  

The first limiting factor for high amorphadiene production in B. subtilis is the poor 

expression of ADS (Zhou, Zou et al. 2013). A famous method to optimize translation is 

adaptation of the ads sequence based on B. subtilis codon usage; however  this resulted 

in a low expression of ADS (Zhou, Zou et al. 2013). Therefore, the alternative approach 

is to optimize the folding and stability of the ADS protein. In this study, we optimized 

ads expression by fusing GFP to the N-terminus of ADS which is known to be capable 
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of increasing solubility and overall expression of proteins (Waldo, Standish et al. 1999). 

In addition, GFP fluorescent intensity could be used as a reporter for the expression of 

ADS. As can be seen from Fig. 2, the signal of GFPADS on the western blot was 

considerably improved relative to ADS, and amorphadiene production achieved was ~10 

mg/L which is 2-fold higher than that previously reported in B. subtilis expressing ADS 

fused with a six-arginine tag (Zhou et al. 2013). This improvement might be contributed 

to increased solubility, proper folding state and reduced degradation of ADS. It is possible 

that the gfp sequence is well adapted to the translation machinery of B. subtilis, hence it 

less probably generates secondary structure of the mRNA, at the 5’ end of the sequence, 

compared to ads. In addition, its proper folding can contribute to the stabilization of ADS. 

Therefore, the GFP fusion has a positive effect on the expression and stability of ADS in 

B. subtilis. Moreover, the specifically generated anti-ADS antibody is beneficial for

detection of ADS degradation unlike anti-His antibody which can only detect the full

ADS. The use of the specific polyclonal antibody against ADS allowed for more accurate

detection.

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 (Martin, Pitera 

et al. 2003, Ajikumar, Xiao et al. 2010, Zhou, Zou et al. 2013, Xue, Abdallah et al. 2015). 

In our previous research, pHCMC04G plasmid demonstrated its ability to overexpress 

part of or all of the MEP pathway in a stable manner in B. subtilis leading to improved 

yield of terpenoids (Xue et al. 2015). To co-express GFPADS fusion along with the 

pHCMC04G containing MEP pathway genes in B. subtilis, an additional plasmid 

compatible with pHCMC04G is needed. In the current study, two vectors were tested. 

One is the pBS0E theta replicating plasmid with the same type of promoter (PxylA) but 

different origin of replication and antibiotic resistance cassettes compared to 

pHCMC04G. The second is pDR111 integrative plasmid with Phyperspank promoter for 

expression by integrating genes of interest into the genome of the B. subtilis, that provides 

higher stability compared to replicating plasmids (Ben-Yehuda, Rudner et al. 2003, 

Nguyen, Nguyen et al. 2005, Overkamp, Beilharz et al. 2013, Popp, Dotzler et al. 2017). 

As a result, when co-expressed with pHCMC04G constructs of the MEP pathway, the B. 
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subtilis strains with gfpads integrated in the genome manifested higher amounts of 

amorphadiene than the strains with replicative pBS0E (Fig 3). Combination of a 

replicative plasmid with an integrative plasmid possessing a strong promoter (Phyperspank) 

is better than the combination of two replicative plasmids as it is possible that bearing a 

single copy of the gene will not cause the cell to spend a lot of energy on replication as 

much as the replicative plasmid does (Wang et al. 2009; Lynch et al. 2015). Hence, 

pDR111 strains could save more energy and use it to generate more flux of metabolites. 

On the other hand, the abundance of C5 building block of terpenoids might be the limiting 

factor for amorphadiene production in B. subtlis, thus it may be the flux of the MEP 

pathway rather than the transcription level of ads that determines the final yield of 

amorphadiene. Finally, overexpression of four MEP pathway genes showed a certain 

degree of increase in amorphadiene where the cGA/CEGA strain produced 0.84 

mg/L/OD600 and cGA/SDFH strain produced 1.36 mg/L/OD600. The  B. subtilis 

strain  expressing eight MEP pathway genes with gfpads integrated in the chromosome 

caused a fourfold increase in amorphadiene production (2.74 mg/L/OD) compared 

to cGA strain only expressing GFPADS fusion.   

Moreover, higher levels of the sesquiterpene precursor FPP are required to further 

increase the production of amorphadiene. Expression of FPPS, the enzyme responsible 

for synthesis of FPP, has been used to generate more substrate for ADS to improve 

amorphadiene production in E.coli or yeast, but not in B. subtilis (Banyai et al. 2010; 

Dhar et al. 2013). As illustrated in Fig 3, the production of amorphadiene in strain 

cGAF/MEP8, which expressed fpps and gfpads fusion along with all the eight MEP 

pathway genes, was increased to 3.41 mg/L/OD (42.51 mg/L), which is approximately 5-

fold higher than the strains containing only GFPADS fusion. Compared to the strains 

lacking fpps the improvement is only a modest 15%.  

As of now the most promising B. subtilis strain for amorphadiene production was 

constructed successfully, further optimization of the culture conditions to boost the yield 

of amorphadiene was performed by Design of Experiment (DoE) method (Kumar, Bhalla 

et al. (2014). It can evaluate multiple variables systematically and simultaneously based 

on statistical analysis, and determine the optimal conditions with a minimal number of 

experiments. To date, it has been successfully used in optimization of fermentation 
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variables for many practices in biotechnology such as enzyme production (Hajji, Rebai 

et al. 2008) and production of promising medical compounds in microorganisms (Su, 

Chen et al. 2009, Zhou, Zou et al. 2013). In this study, K2HPO4 and pyruvate were 

identified as the most dominant factors influencing amorphadiene production. K2HPO4 

may have global metabolic effect on terpenoid production in B. subtilis, E. coli and yeast 

(Zhang, Chen et al. 2013, Zhou, Zou et al. 2013, Baadhe, Mekala et al. 2014). It served 

in the culture not only as a buffer but also as an ionic agent and phosphorus source. When 

MEP pathway genes were overexpressed in B. subtilis, lack of intracellular pyruvate 

substrate might limit the efficiency of the pathway. To overcome this problem, pyruvate 

was added as a supplement 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 (Zhou, Zou et al. 2013), which is in accordance with our 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 tube) to 10 mL (in 

100 mL flask) OPT optimized medium, similar extracellular amorphadiene (~260 mg/L) 

was observed, but intracellular amorphadiene was dramatically increased from 17 mg/L 

up to 150 mg/L. It is common that many target compounds accumulate intracellularly, as 

a result, yield of these compounds can reach saturation which may limit further 

production (Dunlop, Dossani et al. 2011, Wang, Xiong et al. 2013). In E. coli, 

amorphadiene production was improved by efflux transporter engineering (Wang, Xiong 

et al. 2013, Zhang, Chen et al. 2016), nevertheless, in B. subtilis, this is the first report of 

intracellular amorphadiene. Compared to E. coli, in B. subtilis, as a Gram-positive 

bacteria, the secretion of specific target compounds might be hampered by the thickness 

of its cell wall (Thwaite, Baillie et al. 2002). Therefore, further improvement of 

amorphadiene production might be attained by enhancing the cellular exportation of 

heterologous compounds. 

In conclusion, the successful improvement of ADS expression with GFP fusion in B. 

subtilis was reported. The production level of amorphadiene was upregulated by 

overexpression of FPPS along with the complete MEP pathway, and finally reached 416 
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± 15 mg/L in RSM optimized medium, which is the highest yield of amorphadiene in B. 

subtilis till now. The engineered B. subtilis strain for amorphadiene production, as well 

as investigation of intracellular amorphadiene, can serve as a stepping stone for further 

scale-up of aerobic cultures, from shake flasks to fermenters in batch (Seletzky Juri, Noak 

et al. 2007). Hence, using higher biomass concentrations and controlled fermenter 

conditions, B. subtilis can be utilized as an efficient cell factory for high-value terpenoid 

production.  
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Supplementary Material 

Table S1 Primers used in this study 

Primers for 
cloning 

Sequence (5’→3’) 

A1 TCTAGAGATTAACTAATAAGGAGGACAAAC 
A2 GATTAACTAATAAGGAGGACAAACATGTCACTTACAGAAG

AAAAACCTATTC 
A3 GTTTGTCCTCCTTATTAGTTAATCAGCTAGCTGTCGACTAAG

C 
G1 GATTAACTAATAAGGAGGACAAACATGGTTTC 
G2 GGCGGTTCTGGCATGTCACTTACAGAAGAAAAACCTATTC 
G3 TTTATACAAGGCGGTTCTGGCATGTCACTTACAGAAGAAAA

ACCTATTC 
G4 GCCAGAACCGCCTTTATACAATTCATCCATACCATGTGTAAT

AC 
F1 TATACATTTAATGCACCGGTGTGATTAACTAATAAGGAGG

ACAAAC 
F2 CATCATCATCATCATCACTGAGGA TCCCCCGGGCTGCAGG 
F3 TATACATTTAATGCACCGGTGTGATTAACTAATAAGGAGG

ACAAAC 
F4 CATCATCATCATCATCACTAATAATGAGCACTAGTC 

Primers for 
qPCR 

Sequence (5’→3’) 

q_ads TACTGGCGGTGCTAACCTGC 
q_ispH-ispC TCACGAAGATCCATCAACTTGG 
q_16s rRNA TCGAAGCAACGCGAAGAACC 

*Bold text indicated the ribosome binding site sequence

The ads gene amplified with primer A1 was cloned into pBS0E plasmid via XbaI and PstI

sites resulting in the construct pBS0E-ads.  A circular polymerase extension cloning

(CPEC) protocol was used to insert ads (amplified with primer A2) into pDR111, which

was linearized firstly through PCR using primer A3.

To construct pBS0E-gfpads, the gfp gene amplified with primer G1 was fused to ads in

linearized pBS0E-ads (via PCR using G2 primers) by CPEC protocol. To construct

pDR111-gfpads, the ads gene was fused to gfp in pDR111-gfp plasmid by CPEC protocol.

The ads gene was amplified with G3 primers, while the pDR111-gfp was linearized by

PCR with primer G4.

The fpps gene was amplified with primer F1 or F3 from S. cerevisiae for constructs 

pBS0E-gfpads-fpps and pDR111-gfpads-fpps, respectively. Plasmid pBS0E-gfpads was 
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linearized by PCR using primer F2 while pDR111-gfpads using primer F4. Then the fpps 

fragments were cloned into corresponding plasmid by CPEC method.   

Table S2 Fractional Factorial Design 

Standard 
order 

Run 
order 

Glycerol Na(Pyruvate) K2HPO4 NH4
+ Mg2+ Mn2+ Co2+ 

21 1 -1 -1 1 -1 1 -1 1 
34 2 0 0 0 0 0 0 0 
14 3 1 -1 1 1 -1 -1 1 
8 4 1 1 1 -1 -1 -1 -1 
33 5 0 0 0 0 0 0 0 
13 6 -1 -1 1 1 -1 1 -1 
28 7 1 1 -1 1 1 -1 -1 
23 8 -1 1 1 -1 1 1 -1 
5 9 -1 -1 1 -1 -1 -1 -1 
18 10 1 -1 -1 -1 1 -1 1 
24 11 1 1 1 -1 1 -1 1 
3 12 -1 1 -1 -1 -1 -1 -1 
7 13 -1 1 1 -1 -1 1 1 
29 14 -1 -1 1 1 1 1 1 
32 15 1 1 1 1 1 1 1 
12 16 1 1 -1 1 -1 -1 1 
15 17 -1 1 1 1 -1 -1 1 
10 18 1 -1 -1 1 -1 1 -1 
31 19 -1 1 1 1 1 -1 -1 
27 20 -1 1 -1 1 1 1 1 
1 21 -1 -1 -1 -1 -1 1 1 
22 22 1 -1 1 -1 1 1 -1 
25 23 -1 -1 -1 1 1 -1 -1 
30 24 1 -1 1 1 1 -1 -1 
16 25 1 1 1 1 -1 1 -1 
26 26 1 -1 -1 1 1 1 1 
19 27 -1 1 -1 -1 1 -1 1 
35 28 0 0 0 0 0 0 0 
4 29 1 1 -1 -1 -1 1 1 
17 30 -1 -1 -1 -1 1 1 -1 
2 31 1 -1 -1 -1 -1 -1 -1 
11 32 -1 1 -1 1 -1 1 -1 
9 33 -1 -1 -1 1 -1 -1 1 
6 34 1 -1 1 -1 -1 1 1 
20 35 1 1 -1 -1 1 1 -1 
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Table S3 Central composite designs 

Standard order Run order Na(Pyruvate) K2HPO4 

16 1 0 1.41 

14 2 0 -1.41 

9 3 -1.41 0 

2 4 -1 -1 

21 5 0 0 

20 6 0 0 

15 7 0 1.41 

11 8 1.41 0 

18 9 0 0 

3 10 1 -1 

19 11 0 0 

5 12 -1 1 

12 13 1.41 0 

13 14 0 -1.41 

1 15 -1 -1 

4 16 1 -1 

10 17 -1.41 0 

7 18 1 1 

6 19 -1 1 

17 20 0 0 

8 21 1 1 
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Table S4 Result of FFD 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Value 

p-value 

Prob > F 

 
 

Model 17678.47 7 2525.5 44.93 < 0.0001 significant 

Glycerol 157.53 1 157.53 2.8 0.1057 
 

Na(pyruvate) 5538.78 1 5538.78 98.53 < 0.0001 
 

K2HPO4 4347.78 1 4347.78 77.34 < 0.0001 
 

NH4
+ 140.28 1 140.28 2.5 0.1258 

 

Mg2+ 7170.03 1 7170.03 127.55 < 0.0001 
 

Mn2+ 294.03 1 294.03 5.23 0.0303 
 

Co2+ 30.03 1 30.03 0.53 0.4711 
 

Residual 1517.82 27 56.22 
   

Lack of Fit 1359.82 25 54.39 0.69 0.7469 not significant 

Pure Error 158 2 79    

Cor Total 19196.29 34     

R-Squared=0.9209, Adj R-Squared=0.9004, Pred R-Squared=0.8662 

AD (amorphadiene) = 117.85714 + 2.21875*Glycerol + 13.15625*Na(pyruvate) + 

11.65625* K2HPO4 + 2.09375 *NH4
+ - 14.96875*Mg2+ - 3.03125 * Mn2+ - 0.96875 * 

Co2+ 
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Transcription level of ads in non-induced and induced strains 

 

Fig. S1 Transcription level of ads in B. subtilis strains. ads expression in non-induced and 

induced B. subtilis strains were quantified by RT-qPCR using serial dilutions of standards and 

depicted as the logarithmic of absolute copy number per unit input total RNA (10 ng). The data 

represent the mean with standard deviation, n=3. For detailed explanation of strain names used 

see Table 2. 
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Amorphadiene produced in B. subtilis strains containing FPPS from different 

organisms 

The ads gene from Artemisia annua with or without fpps gene from B. subtilis 168 or S. 

cerevisiae were cloned into pHB201 plasmid and transferred into B. subtilis 168. Strain 

ADS indicated B. subtilis only expressed ads from Artemisia annua; ADS-FPPS (Bs) 

illustrated the engineered strain containing ads and fpps from B. subtilis 168; ADS-FPPS 

(Sc) depicted that ads and fpps from S. cerevisiae were expressed in B. subtilis. All strains 

were culture in 10 mL LB medium (in 100 mL Erlenmeyer flasks) for 24 hrs at 37  ̊C 

under 200 rpm shaking condition. Amorphadiene was extracted by 1 mL dodecane during 

culture and analyzed by GCMS. Concentration of amorphadiene (mg/L) was equivalent 

by β-caryophyllene.  

 

 
Fig S2. AD produced in different B. subtilis strains (a). GC chromatograms of the different 
strains of Bacillus subtilis in selected ion mode (SIM) for acquisition, monitoring m/z ion 189 to 
show the produced amorphadiene (AD). (b). Amount of AD (mg/L) produced by the different 
strains of B. subtilis. AD production in strain containing FPPS from S. cerevisiae was higher than 
that expressing FPPS from B. subtilis. ** indicated statistically significant difference (P<0.05). 
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