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  Chapter 1| Introduction 

Background 

Terpenoids form an extensive group of related natural products ranging from 

very simple and small molecules such as isoprene to very complex molecules 

such as paclitaxel. Up until now, there are more than 40,000 terpenoids 

whose structure has been elucidated. With their diversity, they play a role in 

many aspects of human life. Foods, pharmaceuticals, and cosmetics are areas 

most exploiting terpenoids. Some of the terpenoids play an important role 

given their color and fragrance, making them useful for food and cosmetic 

applications. Meanwhile, some of them are also indispensable for 

pharmaceutical industries due to their important biological activities such as 

antimalarial artemisinin and anticancer paclitaxel. Not only important as 

commodities, terpenoids also play a significant role in cellular physiology for 

example quinone as part of an electron transport system, cholesterol as one 

of component of cell membrane of eubacteria and eukaryotes, carotenoid 

and chlorophyll involves in photosynthesis of plants, as well as protein 

modification through a certain prenylation[1].  

 

Despite their structural and functional diversity, all terpenoids are built from 

isopentenyl diphosphate (IDP) and dimethylallyl diphosphate (DMADP). Both 

precursors are produced through either the methylerythritol phosphate 

(MEP) or mevalonate (MVA) pathway. The MEP pathway can be found mainly 

in plastids of plants and bacteria, with the exception of archaebacteria that 

have their own unique MVA pathway. In contrast, the MVA pathway is  

present in eukaryotic organisms and archaebacteria, and some gram-positive 

cocci bacteria [2, 3]. The diversity of terpenoids is raised by the variability of 

terpene synthases and cytochrome P450s at the downstream of the pathway. 

Taking further, non-native production of a heterologous terpenoid is possible 

by expression of the respective terpene synthase and attributed enzymes 

[4—6].  

 
The high demand of valuable terpenoids such as artemisinin, paclitaxel 

(Taxol®) and some essential oils has diverted the production of the natural 

product from collection from the wild to more productive yet sustainable 
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methods [7]. Production of paclitaxel for example requires 750 kg of Pacific 

yew’s (Taxus brevifolia) bark for isolation of around 1 mg of the compound 

[8]. It requires 60 years to grow the tree until the inner bark can be harvested 

[9]. The harvest is also destructive for the tree [10]. Therefore, exploitation 

might lead to the extinction of the plant. Meanwhile, the isolation of 

artemisinin from nature is prone to shortage leading to price fluctuation and 

instability of harvesting yields. On top of that, the natural isolation process 

also requires enormous amount of organic solvent that currently become an 

environmental concern. Thus, alternative production processes, more 

sustainable and eco-friendlier, are required for the future exploitation of 

these natural products. Total chemical synthesis up until now is too 

challenging and expensive [11].  

 

The advancement of genetic engineering, and analytical tools for 

microorganism’s have now culminated in the merger of synthetic biology and 

the metabolic engineering field. Synthetic biology provides tools for 

metabolic engineering allowing the production of nonnative natural products 

at a high level. Hitherto, synthetic biology tools have enabled the production 

of nonnative natural products, including terpenoids, in specialized host cells 

called microbial cell factories. Escherichia coli and Saccharomyces cerevisiae 

have become the main choice of hosts for the production due to the excellent 

genetic tools availability. Besides, S. cerevisiae offers the cellular 

compartmentalization, a eukaryotic feature that is important for certain 

modifications of a particular natural product. For instance, whenever 

membrane bound enzymes such as a eukaryotic cytochrome P450 are 

required. Some of the microbial cell factory products even have made it into 

the market; examples are enlisted in Table 1 of Chapter 2. Nevertheless, the 

current host cells still suffer from shortcomings, which prompts the search for 

other microorganisms with better properties such as safety and yield.  

 

Bacillus subtilis is one of the most important gram-positive bacteria. It is 

known for its ability to produce a high amount of protein that can be secreted 

outside of the cell. It is the cell factory of choice for the industrial production 

of starch and detergents enzymes with multiple ten thousand tons of 
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production every year. In contrast to E. coli, B. subtilis does not produce 

endotoxin and is classified as generally recognized as safe (GRAS) bacteria. 

This simplifies the downstream process of product purification contributing to 

a cost effective manufacturing [12]. With respect to terpenoids, B. subtilis has 

also become known for its capability to emit higher amount of isoprene 

compared to other bacteria including E. coli [13]. Hence, metabolic 

engineering of B. subtilis might lead to an interesting terpenoid cell factory. 

  

Research Focus 

Lack of genetic engineering tools such as stable plasmids and inducible 

promoters for tuning protein expression in combination with numerous 

membrane-bound proteases have been problematic issues in the 

development of metabolic engineering of B. subtilis. Currently, those issues 

are gradually fading due to numerous new tools, such as promoters, genetic 

manipulation tools, and several protease deficient strains [14—19]. Metabolic 

engineering requires flux optimization controlled by tuning the expression of 

the respective enzymes in the pathway. Plasmid is still the vector of choice 

for regulated expression of operons especially for overexpression of 

endogenous genes at laboratory scale. It offers a high flexible tool for genetic 

engineering. Stably inherited plasmids and a regulated expression of the 

protein are therefore more than welcome for the progress in metabolic 

engineering of B. subtilis.  

 

With respect to terpenoid production, at least two interdependent parts of 

the biosynthesis pathway can be distinguished. The first part concerns with 

the supply of terpenoids building blocks (IDP, DMADP, and prenyl precursors 

such as geranyl diphosphate (GDP) and farnesyl diphosphate (FDP)) which can 

be found universally across different species. Higher production of terpenoids 

demands an optimum amount of precursor that has to be generated by 

sufficient expression of the enzymes generating the building blocks. Hence, 

upregulating the endogenous pathway or installing a heterologous pathway 

are alternative choices that both have been deployed[4, 6]. The second 

module consists of a more dedicated set of reactions catalyzed by specific 
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enzymes (terpene synthases) utilizing the building blocks to form very unique 

end-products. This module is regarded as the specific part of particular 

terpenoids and is often acting as the rate limiting step. Due to the fact that 

the first module products might suffer from negative feedback from the 

terpenoid precursor of IDP and DMADP or other prenyl precursors such as 

FDP, sufficient flux through the second module is requisite to obtain high 

yields. Adequate exploitation could be attained by two options, higher 

expression of the respective enzyme or finding/engineering a versatile variant 

of enzyme.  

 

This dissertation covers the engineering B. subtilis as a microbial terpenoid 

cell factory. We focused on developing a B. subtilis strain capable of 

producing high titers of terpenoid precursors. This was achieved by 

overexpression of whole endogenous MEP pathway in a single regulated 

operon together with high expression of terpene synthases for various 

terpenoid products with each individual challenge (carotenoid in chapter 3, 

taxadiene in chapter 4, and amorphadiene in chapter 5). Chapter 3 is the 

starting point in the development of B. subtilis terpenoid cell factory. In an 

effort to increase the production of the terpenoid product, a stable 

expression vector is prerequisite. The chapter is specifically comparing two 

different types of plasmids, each containing a synthetic operon of MEP 

pathway as the endogenous biosynthetic route to generate IDP and DMADP 

as the general building blocks of terpenoids. The stable plasmid bearing the 

copy of MEP pathway was then used in the following chapters. In chapter 4, 

the experiment was brought further to engineer B. subtilis strain capable of 

producing taxadiene, the first dedicated precursor of paclitaxel. Taxadiene 

production requires geranylgeranyl diphosphate (GGDP) as the precursors of 

diterpenes. The absence of annotated genes encoding geranylgeranyl 

diphosphate synthase (GGDPS) in B. subtilis genome directed us to use the 

heterologous expression of crtE gene of Pantoea ananatis encoding the 

respective enzyme. Here, two replicative plasmids could be expressed in a 

stable manner.  
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Poor expression is one of the challenges in heterologous expression of a 

protein. Improving terpene synthase expression is essential in building 

terpenoid cell factory. Chapter 5 describes the effort on improving 

amorphadiene synthase expression. Amorphadiene is the first dedicated 

precursor of antimalarial artemisinin. Fusion of amorphadiene synthase with 

green fluorescent protein increased the expression that together with 

boosting the precursor flux and medium optimization successfully raised the 

production of amorphadiene. Meanwhile, chapter 6 raises the possibility on 

utilizing the heterologous expression of mevalonate pathway as the 

alternative route to supply higher production of terpenoid precursors for 

amorphadiene (Chapter 6). 

 

Chapter 2 is dedicated for a room to discuss the prospect of development of 

B. subtilis specifically for terpenoid cell factory. The nature and properties of 

B. subtilis that can be both a strength and a challenge to turn this bacterium 

into a terpenoid cell factory are presented together with several remarks and 

insight for prospective studies. At the end, chapter 7 summarizes the efforts 

that have been established in building B. subtilis terpenoid cell factory. In 

addition, several prospective strategies beneficial for improving the cell 

factory capabilities are presented.  
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Abstract 

 

Increasing demands of bioactive compounds have motivated researchers to 

employ microorganisms to produce complex natural products. Currently, 

Bacillus subtilis has been attracting many attentions being developed into 

terpenoids cell factories due to its generally recognized as safe status and 

high isoprene precursor biosynthesis capacity by endogenous 

methylerythritol phosphate (MEP) pathway. In this review, we describe the 

up-to-date knowledge of each enzymes in MEP pathway and the subsequent 

steps of isomerization and condensation of C5 isoprene precursors. In 

addition, several representative terpenes syntheses in B. subtilis and 

engineering steps to improve their production are systematically discussed. 

Furthermore, the current available genetic tools are also mentioned as well 

as promising strategies to improve terpenoids in B. subtilis, hoping to inspire 

future directions in metabolic engineering of B. subtilis for further terpenoids 

cell factory development. 

 

Key words: Bacillus subtilis, MEP pathway, terpenoids, metabolic engineering  
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2 

The Nature of Bacillus subtilis 

 

Bacillus subtilis, a well-known gram-positive bacterium, was one of the first 

organisms having its genome successfully annotated. In academia, B. subtilis 

strain 168 has become a model microorganism to study physiological 

properties covering the proteome, protein secretory and translocation 

mechanisms, the cell division mechanism, and last but not least the 

development of minimal cell bacteria. For the industries, B. subtilis 168 has 

been famous for its generally recognized as safe (GRAS) status facilitating 

easier purification of the protein or metabolites in the absence of endotoxin

[12].  

 

The emergence of B. subtilis missing several proteases inspired the research 

on the B. subtilis minimal cell[12, 20]. Minimal cell bacteria are deficient of 

the non-essential genes including those that are involved in the non-

essential/ rudimentary metabolic pathway, which might be part of the 

secondary metabolism of the organism. Ideally, with the concept of minimal 

cell bacteria, genome wide regulation involved in metabolism of the bacteria 

can be reconstructed and modeled to produce a higher level of the desired 

metabolite in the cell. 

 

Having 20 years since the annotation of its genome, the engineering of B. 

subtilis for metabolite production is lagging behind compared to E. coli or S. 

cerevisiae[21]. Currently, genetic engineering tools including various plasmids 

or vectors, promoters and ribosome binding site to tune gene expression at 

various degree have been wide spread for both latter microbial hosts. 

Regulatory elements such as siRNA to downregulate the expression of 

particular enzyme of a metabolic pathway have also been applied in both 

organisms. Expansion of genetic tools indeed has an impact on the 

development of a relevant microorganism. Numerous small organic 

molecules nonnative to these microbial hosts have been produced  and many 

of them have reached the market (Table 1.) [7]. 
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2 

However, B. subtilis has its strength for the production of metabolites[22]. 

Residing a special niche of the soil microbial ecosystem in interaction with 

plants, B. subtilis requires some ammunition to survive. It is known that the 

bacterium has its capability to produce diverse secondary metabolites 

including polyketides and terpenoids acting as antimicrobial agents or being 

part of a defence mechanism toward a particular stress [23—29].  

 

This review deals with the progress of engineering B. subtilis as microbial cell 

factory. Data on the basic knowledge of the biosynthesis pathway, especially 

related to bacteria or in particular B. subtilis are presented. Future 

perspective based on the progress in synthetic biology and current cutting 

edge state technology are also the focus of this review. 

 

B. subtilis terpenoids producing ability 

 

B. subtilis is known for high emission of isoprene compared to other species of 

bacteria including E. coli [13]. Isoprene, a simple form of a terpenoid 

molecule (also known as hemiterpene), is hypothesized as one of the signal 

molecules indicating the carbon metabolism rate of individual bacterium [30]. 

Isoprene might also be the channel for the bacterium to drain out the 

terpenoids building blocks after some excess metabolism in order to prevent 

further toxicity caused by prenyl diphosphate precursors such as dimethylallyl 

diphosphate (DMADP), isopentenyl diphosphate, or farnesyl diphosphate 

(FDP) [31]. B. subtilis has an endogenous methyl erythryophosphate (MEP) 

pathway to produce terpenoids building blocks, isopentenyl diphosphate 

(IDP) and dimethylallyl diphosphate (DMADP) (Figure 1). 

 

As a gram-positive model bacterium, B. subtilis does not reflect the whole 

gram-positive terpenoid biosynthesis pathway. Gram positive cocci bacteria 

together with  Lactobacillus own solely a MVA pathway, while Listeria genera 

and a minor number of Actinobacteria such as Streptomyces own a 

mevalonate (MVA) pathway as their secondary route in addition to a MEP 
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pathway [2, 32—37]. Meanwhile, most gram positive rod bacteria including B. 

subtilis possesses the MEP pathway (Figure 1.) [38, 39].  

Figure 1. Scheme of central carbon metabolism and methyl erythritol phosphate pathway of 
eubacteria and plastid of plants.  

 

First step of the MEP pathway: Linking the Terpenoid and Central 

Carbon Pathway 

 

The MEP pathway consists of eight enzymatic steps starting with the 

conjugation of pyruvate and glyceraldehyde 3-phosphate (G3P) that 

eventually ends with DMADP and IDP as the universal precursors of 

terpenoids. Understanding the structure and biochemical properties of each 

of the enzymes and their respective reaction mechanisms would be ideal for 

performing further optimizations. Up until now, the 3D structure of three of 

the B. subtilis MEP pathway enzymes have been resolved (Table 2.). However, 
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there are also studies on crystal structures of MEP pathway enzymes from 

other related microorganisms that can be used to optimize Bacillus enzymes.  

 

Table 2. Crystal Structure Availability of Bacillus subtilis MEP pathway enzymes 

1PDB ID no. is in the bracket 
n.a indicates that crystal structure for the respected protein is currently not available 

Enzyme Crystal structure 
availability1 

Sequence homology to existing 
related crystal structure1 

Reference(s) 

Dxs n.a 41 % Deinococcus radiodurans 
(2O1X) 

[40] 

43% E. coli (2O1S) [40] 

Dxr n.a 39% to E. coli DXR (2EGH) 

  

[41] 

42% to Zymomonas mobilis 
DXR (1R0K) 

[42] 

IspD Available (5DDT)   [43] 

IspE n.a 28% to E. coli IspE (2WW4) [44] 

32% M. tuberculosis IspE 
(3PYD) 

  

  

IspF Available (51WX 
for native IspF and 
51WY for IspF – 
CMP complex) 

  [45] 

ispG n.a 46% Aquivex aeolicus IspG 
(3NOY) 

[46] 

35% to Thermus thermophilus 
IspG (2Y0F) 

[47] 

ispH n.a 30% to A. aeolicus IspH 

  

  

35% E. coli IspH [48] 

Idi Available   [49, 50] 
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A functional study on the MEP pathway revealed that step 1 and 2 of MEP 

pathway are critical and that a reduction in gene expression of both 

constitute enzymes hampered the growth of the bacterium[51]. 

Improvement of terpenoid production via MEP pathway usually start with the 

overexpression of both of these enzymes[5, 52, 53]. Hence investigations on 

the enzyme structure and mechanism of the reaction would be beneficial for 

improving the overall terpenoid production. 

 

Dxs is responsible for the first step of the MEP pathway, the formation of 1-

deoxy-D-xylulose 5-phosphate (DXP) from pyruvate and G3P. DXP is not only 

precursor for subsequent MEP pathway reaction but also for thiamine 

(vitamin B1) and pyridoxol (vitamin B6) biosynthesis [39, 54, 55]. Several 

studies indicate that formation of DXP is the limiting step of the MEP pathway 

[3, 51, 56—59]. Suppression of the gene impaired the growth of the 

bacterium shown by its small colony and reduced isoprene emission and full 

suppression of the gene led to lethality [51]. Meanwhile overexpression of 

the gene increased the isoprene emission [56].  

 

Dxs requires the presence of thiamine diphosphate as the cofactor. The 

requirement of thiamine diphosphate (ThDP) is one of the properties shared 

by the transketolase group of enzymes including transketolase that is part of 

the tricarboxylic acid (TCA) cycle and pentose phosphate pathway. Other 

enzymes which require ThDP include pyruvate decarboxylase that the 

breakdown of pyruvate forming acetaldehyde, pyruvate dehydrogenase, and 

a-ketoglutarate dehydrogenase of Kreb’s cycle [40, 60]. ThDP assists the 

binding of pyruvate in the active site of the enzyme by forming C2α-

lactylThDP (LThDP)[61]. LThDP bears a carbanion that is ready to contact with 

G3P. Upon G3P attachment, the 2-hydroxyethyl moiety of pyruvate will ligate 

to the molecule that eventually lead to DXP formation accompanied by the 

release of CO2[61].  

 

Crystal structure of Dxs shows that the enzyme is present in a dimeric 

structure with each monomer consisting of three domains. ThDP is bound to 

the interface of domain I and II forming a V shaped conformation, with only 
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thiazole being accessible to the solvent as it is the important part for initiating 

the reaction (Figure. 2)[40]. Alignment of the DXS sequences from E. coli, B. 

subtilis, D. radiodurans and Populus trichocarpa shows several conserved 

regions (Figure 3). According to the crystal structure of D. radiodurans, two 

phosphate groups of ThDP are bound to Mg2+ forming octahedral 

coordination together with water, Asp154, Asn183, and Met185 (equivalent 

to Asp 144, Asn 173, and Met 175 of B. subtilis). In addition, the thiazolium 

moiety of ThDP, which plays a role in the formation of LThDP carbanion, 

interacts with His82 by π—π stacking and is hydrophobically attached to 

Ala348 and Ile371 (Ala342 and Ile365 of B. subtilis) [40]. Meanwhile, the alkyl 

carbon between the diphosphate and thiazolium groups connects 

hydrophobically to Ile187 (Ile177). Arg 423 and Arg 480 (Arg 417 and Arg 423 

of B. subtilis) are involved in the binding of the phosphate group of G3P.   

 

 

Figure 2. A. Crystal structure of Dxs of D. radiodurans. The protein is presence as a 
homodimer, each consists of three domains; purple, blue, and cyan represent domain I, II, and 
III of the first monomer, while green, yellow, and red represent the respective domains of the 
second monomer. B. Binding site of thiamine diphosphate (ThDP).  

 

Not only thiamine diphosphate that can bind to these residues, IDP and 

DMADP are also able to reside in the cofactor binding site. This creates a 

competition between those terpenoid precursors and thiamine diphosphate. 

Banerjee et al showed that higher IDP and DMADP amounts inhibit the 

activity of DXS of Populus trichocarpa (Poplar) by competing with thiamine 

diphosphate[57].  

 

A B 
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The binding cavity of the thiamine diphosphate is actually larger than the size 

of IDP and DMADP. Hydrogen bonds to the phosphate groups, and 

hydrophobic and p-p interaction between His residue and allyl or alkene of 

DMADP/ IDP facilitate the binding of IDP and DMADP. Mutation of P. 

trichocarpa DXS on both Ala147 and Ala342 to a glycine residue reduced the 

binding of IDP and DMADP[62]. However, it was followed by significant 

reduction of the enzyme catalytic efficiency mainly due to the decrease of 

ThDP binding capability.  

Figure 3. Alignment of P. trichocarpa, D. radiodurans, E. coli, and B. subtilis DXS. Amino acid 
residues important for ThDP binding are marked under the red boxes. 

 

Negative feedback imposed by IDP and DMADP is natural to Dxs and exists 

across species. Nevertheless, a study comparing several different Dxs 

enzymes found that B. subtilis Dxs is more resistant to feedback inhibition 

compared to E. coli and other bacteria [58]. B. subtilis Dxs is also considered 

to be more resistant to proteases as compared to E. coli, Paracoccus 

aminophilus and Rhodobacter capsulatus [58]. 
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2-C-methyl erythritol 4-phosphate (MEP) is the first dedicated 

intermediate of terpenoid pathway 

 

The second step of the MEP pathway involves the reduction and 

isomerization of DXP to produce MEP. It is speculated to involve two putative 

steps of a reaction catalyzed by 1-deoxy-D-xylulose 5-phosphate 

reductoisomerase (DXR), also known as IspC in bacteria. Kuzuyama et al 

proposed that the DXP carbon rearrangement and its subsequent reduction is 

happening simultaneously since the intermediate product of the carbon 

rearrangement could not be detected [63]. However, later studies on Dxr 

found that 2-C-methyl erythrose 4-phosphate was observed as the 

intermediate product that subsequently is subjected to the reduction step 

resulting in MEP as the final product [64]. Hence it is argued that the reaction 

should consist of isomerization involving the methyl [1,2] shift resulting in 2-C

-methyl erythrose 4-phosphate and followed by a reduction step on the 

aldehyde group. A mechanistic study on ketol acid reductoisomerase of S. 

typhimurium also showed two steps reaction where alkyl [1,2] shift occurs 

before the reduction of the carbonyl moiety [65].  

 

Dxr requires a divalent cation of Mg2+, Mn2+, or Co2+ and NADPH as a cofactor. 

Mechanistic studies on Dxr suggested that divalent cation and NADPH should 

occupy their binding sites prior to the attachment of DXP. It is also showed 

that MEP and 2-C-methyl erythrose 4-phosphate could undergo the reverse 

reaction with the help of NADP+ resulting in DXP. However, this reverse 

reaction occurs at a very low rate and is limited by the presence of NADPH

[66]. Thus, the availability of NADPH ensures the forward reaction of DXP 

toward MEP. 

 

The E. coli Dxr consists of three domains in a V shape conformation forming a 

homodimer [41, 67]. A study on the crystal structure of E. coli Dxr with 

fosmidomycin unraveled the interaction of DXP or 2-C-methyl erythrose -4-

phosphate to its binding site. Fosmidomycin is an antibiotic produced by 

Streptomyces genus that targets Dxr. It has a structure resembling 2-C-methyl 
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erythrose-4-phosphate, the putative intermediate of the reaction. Carbonyl 

and hydroxyl group of fosmidomycin facilitate the binding of divalent cation 

together with Glu 231, Glu 152, Asp 150, and water facilitating the octahedral 

coordination (Figure 4). The hydroxyl groups at C2 and C4 of DXP are very 

important as the absence of one of them results in the inhibition of Dxr 

activity[66]. In addition, the fosmidomycin backbone interacts with Pro274, 

Trp212, Met 214, and His 209 through hydrophobic interaction [41].The last 

three residues are part of the flexible loop of Dxr. The isomerization step of 

DXP to generate 2-C-methyl erythrose 4-phosphate involves a methyl [1,2] 

shift. In accommodating this rearrangement flexibility of the loop is probably 

helpful. Mutation of His 209 to Gln decreased the kcat/Km values 

significantly, dropped the enzyme catalytic efficiency up to 5000 fold lower 

than the wild type[64].  In addition, His 257 is also important in the 

interaction both with DXP and NADPH. 

 

    

 
Figure 4. Interaction of fosmidomycin with the active site of DXR. Fosmidomycin, DXP, MEP, 
and methyl erythrose 4-phosphate structure are shown for comparison. 
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Mutation on E. coli Dxr using error prone PCR revealed that single amino acid 

mutation at the binding site of DXP plays a significant role in the resistance 

toward this antibiotic. Alteration of serine 222 to threonine reduces the 

affinity of fosmidomycin to Dxr by tenfold [68]. This mutation also resulted in 

higher Km of Dxr to DXP[68, 69].  Mutation of residue Pro 274 to methionine 

or arginine significantly increased the EC50 of fosmidomycin up to more than 

6-fold. Both studies suggested the importance of those residues on Dxr 

activity. Serine 222 and P274 (equivalent to S210 and P262 of B. subtilis Dxr) 

residues of E. coli Dxr are conserved across species. Therefore, the protein 

engineering approach to enhance catalytic activity of Dxr should consider to 

not alter these conserve residues. 

 

The expression of both B. subtilis enzymes in E. coli led to a more than 2 fold 

higher production of isoprene compared to E. coli strain overexpressing its 

own endogenous enzymes[59]. However, since no B. subtilis Dxr crystal 

structure is currently available, comparison between both enzymes would 

need dynamic interaction prediction.  

 

B. subtilis IspD facilitates efficient cytidyl transfer to MEP 

 

In the following step, MEP obtains the additional cytidine monophosphate 

(CMP) moiety resulting in 4-diphosphocytidyl-2-C-methyl-D-erythritol (CDP-

ME) with the help of 4-diphosphocytidyl-2-C-methylerythritol synthase (CMS/

IspD). The reaction requires cytidine triphosphate (CTP) as the donor of CMP, 

with a conjunct loss of pyrophosphate molecules.  

 

IspD is in homodimeric conformation with each monomer containing up to 10 

b sheets mostly in parallel configuration[70]. The enzyme possesses 3 loops 

that participate in binding and activity namely P-loop, L1-loop, and L2-loop. 

Hydrogen bonds among the amino acid residues inside the pocket play a role 

in the conformational change of the loop. In its inactive state, the loop is 

open and having more surface contact with the solvent. Upon the CTP-Mg2+ 

binding, the pocket becomes narrower and there is less contact with the 

solvent. B. subtilis IspD has narrower surface in contact with solvent 
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compared to E. coli version. This presumably has impact on the lower Km of 

B. subtilis enzyme that eventually led to higher catalytic efficiency, up to two 

folds that of E. coli IspD[43]. The competition and interaction between 

solvent and CTP toward the pocket residues by hydrogen bond seems to be 

the primary cause. With more hydrogen bond, the transition state would be 

more stable and readier for nucleophilic attack of MEP phosphate[43]. With a 

higher catalytic efficiency, utilizing B. subtilis would give extra flux on MEP 

pathway than in E. coli. 

 

IspE-IspF catalyse the formation of MECDP acting as intermediate in 

the MEP pathway as well as oxidative stress response of bacteria 

 

IspE is responsible for phosphate group addition to CDP-ME molecule, 

generating 4-diphosphocytidyl-2-C-methyl-d-erythritol 2-phosphate (CDP-

ME2P). IspE consists of two domains, ATP binding domain and substrate (CDP

-ME) binding domain[44]. Volke et al estimated that the amount of IspE is 

considered as the second highest amount of MEP enzymes, after IspH, in E. 

coli with a total maximum reaction rate up to 2.1 x 105 molecules min-1 cell-1

[71]. In contrast, Dxs; IspF; and IspG are estimated to have maximum reaction 

rate up to 16 x 103; 6.66 x 103; and 4.83 x 103 molecules min-1 cell-1 

respectively[71]. Those three enzymes are considered as MEP pathway 

enzymes with low turnover number per cell. Hence compared to those three 

enzymes, IspE might not be considered as the limiting step of MEP pathway. 

 

The subsequent reaction involves the cleavage of the cytidyl moiety and 

cyclization of CDP-ME2P resulting in methyl erythritol cyclic diphosphate 

(MEcDP) catalyzed by IspF [3]. MEcDP was observed to be accumulated in 

several groups of gram-negative bacteria such as Xanthomonas, 

Corynebacterium, and Pseudomonas upon the presence of oxidative stress

[72]. Hydrogen peroxide addition (up to 0.02%) into B. subtilis medium 

increased the isoprene emission up to 2 folds [52, 56]. It is suggested that 

MEcDP is involved in DNA stabilization upon the exposure to oxidative stress 

by preventing the peroxide formation [73].  
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IspF presents in a homotrimer forming three active pockets each situated at 

the interface of two vicinal monomers [45]. Compared to E. coli, B. subtilis 

IspF has a smaller solvent accessible surface that might influence the catalytic 

activity but both of them possess hydrophobic cavity that is speculated to 

play role in the binding of the inhibitor ligands[45, 74]. It is interesting to note 

that an in vitro study of E. coli IspF showed the stable complex formation 

between the enzyme and MEP, the product of Dxr/ IspC. The complex 

stabilized the enzyme activity and improved the catalytic efficiency up to 4.8 

times compared to IspF alone[74]. It is speculated that the improvement was 

facilitated by the higher affinity of the substrate, CDP-MEP toward IspF. 

However, in contrast to IspF, IspF-MEP complex is negatively affected by 

farnesyl diphosphate (FDP) and other prenyl diphosphate including DMADP 

and IDP. This might hold a regulatory mechanism to feedforward the MEP 

pathway but at the same time prevent the cell toxicity due to the prenyl 

phosphates build up. In another side, this fact is insightful in an effort to 

increase the MEP pathway flux. Increasing the supply of MEP would produce 

a domino effect by increasing the activity of IspF that end up with higher 

supply of terpenoid precursor of IDP and DMADP. In addition, FPP should be 

utilized efficiently by the downstream pathway of terpenoid in order to 

prevent the feedback inhibition of FPP to IspF – MEP – CDP-MEP complex.  

 

The last two steps of MEP pathway involve reductive reactions 

 

The last two steps of MEP pathway are reductive reactions. MEcDP 

conversion to 4-hydroxy-3- methylbut-2-enyl-diphosphate (HMBDP) requires 

the cleavage of C-O bond between the phosphate and C2 of the substrate. 

Meanwhile the last step of MEP pathway converts HMBDP to either IDP or 

DMADP by dehydroxylation and isomerization steps. In E. coli, both steps of 

MEP pathway require NADPH as the cofactor and flavodoxin/flavodoxin 

reductase[75—77]. Mutation on fldA (encoding flavodoxin I) of E. coli 

decreased the HMBDP level dramatically, signifying the flavodoxin role in the 

pathway[76]. B. subtilis owns flavodoxin encoded by ykuN and ykuP and 

ferredoxin (fer) in its genome[78, 79]. It also has as ferredoxin (flavodoxin) 
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reductase (yumC)[80]. However, the involvement of both flavodoxins or 

ferredoxin and their reductase in B. subtilis MEP pathway is still to be 

explored.  

 

IspG and IspH are Fe-S cluster containing enzymes, both of them are 

susceptible to reactive oxygen species (ROS) and reactive nitrogen species 

(RNS). IspG forms homodimer, each contains two domains (N and C domain) 

connected by a short linker of arginines[81]. The N domain of the enzyme 

contains the catalytic active site, while the C domain is responsible for Fe-S 

cluster coordination. The reaction occurs at the interface of N domain from 

one monomer with the C domain from another monomer[82]. The Fe-S 

cluster is coordinated by three Cys and a Glu of the C domain and situated at 

the interface of both domains. 

 

Metabolite profiling from E. coli culture broth revealed the efflux of MEcDP 

to the fermentation broth upon the overexpression of Dxs, IspD, IspF, and 

isopentenyl diphosphate isomerase (Idi) of MEP pathway[83]. In addition, a 

study on MEP flux in E. coli suggested the formation of DXP and hydroxy-

methylbutenyl diphosphate (HMBDP) from MEcDP are both limiting steps of 

the pathway. The Vmax of both enzymatic steps (from E. coli experiment) are 

approximately two orders of magnitude smaller than for the fastest reaction 

in MEP pathway[71]. Hence, it is understandable that MEcDP is accumulated 

and subject to efflux upon the overexpression of three upstream enzymes of 

MEP pathway[83]. However, up to now, the exact mechanism of the MEcDP 

efflux and the involvement of an efflux pump protein are still unknown. 

 

In contrast to IspG, the last step of MEP pathway involving IspH is very fast 

[71]. The crystal structure of E. coli IspH shows that the enzyme is active in 

monomeric form with its iron cluster coordinated with Cys12, 96, and 197, 

and Thr167 (equivalent to Cys12, 103, 198 and Thr170 of B. subtilis IspH)[75, 

84]. Thr167 also coordinated one hydrogen bond with the hydroxyl group of 

HMBDP. In the early interaction with the substrate, Glu126 forms a hydrogen 

bond with the water molecule together Gln166, diphosphate moiety of 
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HMBDP, and Thr168. In a putative reaction mechanism, the hydroxymethyl 

group subsequently rotated rendering the hydrogen bond interaction with 

Glu126 to accommodate the interaction between Fe-S cluster with the allyl 

anion intermediate[77, 84]. Mutation of Glu126 to Gln and Asp almost 

diminished the activity of IspH, meanwhile mutation of Thr167 to cysteine 

reduced the activity to around 32%[84].  

 

IspH is suspected to have promiscuous activities. In addition to having activity 

toward HMBDP, IspH isolated from alkaliphilic Bacillus sp. N16-5 evidently 

possessed the isoprene and isoamylene synthase activity. Isoprene is 

generated from HMBDP, while two isoamylenes are directed from DMADP 

and IDP[85]. Yet, whether this activity is also found in B. subtilis 168 IspH still 

requires more exploration. In another in vitro study, IspH of E. coli was found 

to have acetylene hydratase activity catalyzing the conversion of acetylene 

into aldehyde or ketone[86]. Nevertheless, this reaction took place on the 

oxidized IspH, underestimating its significance in the cytosol of the bacteria. 

The occurrence of these promiscuous events would underscore the 

divergence of MEP flux through IspH and its inhibition would lead to more IDP 

and DMADP as the building blocks of terpenoids. 

 

Isopentenyl diphosphate isomerase (Idi) balances the IDP and 

DMADP content 

 

MEP pathway is able to generate IDP and DMADP simultaneously 

approximately in a ratio of 1:5 (DMADP to IDP) [71, 87]. In contrast, the MVA 

pathway can only provide IDP from the decarboxylation of mevalonate 

diphosphate (the last step of the pathway) and therefore strictly requires 

isopentenyl diphosphate isomerase (Idi) to provide DMADP[88]. In E. coli the 

transcripts number of endogenous Idi is noticeably low and this might be due 

to its nonessential role under natural circumstance[71, 89]. A study on 

conditional knock-out of Idi also revealed the non-essentiality of the enzyme 

to B. subtilis growth[51]. 
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In contrast to E. coli that  possesses type I Idi, B. subtilis owns type II Idi that 

phylogenetically is closer to gram-positive bacteria that possess MVA instead 

of a MEP pathway[49, 50]. While type I Idi requires only divalent cations as 

the cofactor, type II Idi requires FMN and NADPH under aerobic conditions

[49]. It is also interesting to note that type II Idi has a L-lactate dehydrogenase 

activity [49]. 

 

DMADP constitutes only the head part of prenyl diphosphate while IDP would 

be required for the addition of allyl group in prenyl diphosphate elongation/ 

condensation. Hence the longer the prenyl precursor of a certain terpenoid, 

the lower DMADP/IDP ratio would be required. As an illustration, to generate 

one molecule of FDP as precursor of sesquiterpenes, it requires 1 molecule of 

DMADP and 2 molecules of IDP, while GDP (the precursor of monoterpenes) 

requires an equal mol of DMADP and IDP. Thus, the balancing between IDP 

and DMADP of MEP pathway would be more significant for producing small 

terpenoids such as isoprene or monoterpenes than for large terpenoids such 

as carotenoids. 

 

IDP or DMADP can undergo further rearrangements through 

dephosphorylation yielding hemiterpene (C5 terpenoid) like isoprene. In 

addition to isoprene, B. subtilis is also able to produce isopentenol and 

dimethyl allyl alcohol, the alcohol derivative of IDP and DMADP respectively. 

Generation of isopentenol or prenyl alcohol involves a DMADP/IDP specific 

phosphatase. NudF and YhfR, two phosphatase of B. subtilis belong to ADP-

ribose phosphatase superfamily, are responsible for the dephosphorylation of 

DMADP and IDP [90, 91]. 

 

Isomerization and Condensation of terpenoid precursors 

 

Prenyl transferases catalyze the condensation reaction of the IDP and DMADP 

resulting in GDP (monoterpene substrate, C10), FDP (sesquiterpenes 

substrate, C15), GGDP (diterpenes substrate, C20), or higher prenyl 

substrates such as heptaprenyl diphosphate (C35 terpene) or undecaprenyl 
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diphosphate (C55 terpene). ispA gene of B. subtilis encodes farnesyl 

diphosphate synthase, an enzyme for conjugation of two IDP and single 

DMADP molecules producing farnesyl diphosphate (FDP). Some terpenoids 

are important for B. subtilis physiology and metabolism, for example 

ubiquinone (important for electron transport), farnesol (an alcohol derivative 

of FDP important for the formation of biofilm), sporulene (a C35 terpene 

acting as antioxidant during the sporulation)[25, 26], and undecaprenyl 

diphosphate (a C55 terpene involves in cell wall biogenesis)[92—94]. 

Accumulation or depletion of essential endogenous terpenoid could be 

harmful for the bacterium. High  formation of some prenyl diphosphates (IDP, 

DMADP and FDP) has been known to cause cellular toxicity[31, 95]. Depletion 

of farnesol by knockout yisP prevents the bacterium to generate biofilm[96]. 

Meanwhile, overexpression of hepT and hepS to increase heptaprenyl 

diphosphate production could disrupt the cell wall biogenesis[92, 94]. 

Therefore, improvement on the production of economic importance 

terpenoids should also consider the flux toward those essential endogenous 

terpenes. 

 

Metabolic Engineering of B. subtilis for terpenoid cell factory 

 

Well known for its capability to emit high amounts of isoprene, B. subtilis was 

expected to be a superior microbial platform for terpenoid production. 

Though the fact that developing B. subtilis is lagging behind compared to E. 

coli and S. cerevisiae, recent studies on B. subtilis show very promising results 

to develop it into terpenoid cell factories. Production of isoprene, 

carotenoids, amorphadiene, taxadiene and menaquinone-7 with various 

bioactivities have been explored and boosted in B. subtilis.  

 

Carotenoids 

Carotenoids are being widely used in food, pharmaceutical, and health 

protection industries.  Early metabolic engineering on B. subtilis utilized two 

genes from Staphylococcus aureus (crtM and crtN) involved in biosynthesis of 

C30 carotenoids especially 4,40 -diapolycopene and 4,40 -diaponeurosporene 

[97]. Relying only on the endogenous MEP pathway with a constitutive 
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promoter regulating the expression of crtM and crtN, engineered B. subtilis 

could produce C30 carotenoids that lead to a higher resistance to oxidative 

stress exemplified with H2O2 [97]. However, there was no report on the 

quantity of the carotenoid product. Later work on engineering B. subtilis was 

directed at higher isoprene production and at the same time focusing on the 

most influential gene of the endogenous MEP pathway. Overexpression of 

dxs but not dxr, leveraged isoprene emission of B. subtilis especially at the 

early and middle of the logarithmic phase [52]. Meanwhile, modification of 

the medium by adding more salt, hydrogen peroxide and also heat up to 40°C 

increased the release of isoprene [52].  

 

To further improve terpenoids production, overexpression of multiple MEP 

pathway genes was found to increase C30 terpenoids production in B. subtilis 

[53]. Xue et al cloned MEP pathway genes step by step into two different 

constructs resulting in two strains of B. subtilis with each operon consisting of 

enzymes of the MEP pathway, i.e. SDFH subset for dxs-ispD-ispF-ispH operon 

and CEGA subset for ispC/dxr-ispE-ispG-ispA operon. As the read out, Xue et al 

utilized crtM and crtN genes encoding two enzymes involved in C30 

carotenoid production. It is quite surprising that the strains with upregulation 

of dxr/ispC could produce high level of C30 carotenoid comparable to, if not 

better to strains overexpressing dxs. Eventually, the two strains with two 

different subsets of artificial operon as mentioned above could produce C30 

carotenoid at more than 15 folds increase (9 – 10 mg/g dcw) compared to B. 

subtilis carrying only the genes for carotenoid production (0.6 mg/g dcw) [53]. 

Interestingly, in another experiment overexpression of dxr alone did not bring 

improvement to isoprene production [52]. These results can be explained by 

the high flux into the carotenoid pathway resulting in actual low levels of 

DMADP or IDP preventing negative feedback. In our recent result, 

upregulating the whole MEP pathway has thrive further the carotenoid 

production up to around 20 mg/g dcw[98], two fold higher compared to our 

previous result with only four enzymes of MEP pathway being upregulated

[53]. 
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Amorphadiene 

Artemisinin is a sesquiterpene which is by far the most effective antimalarial 

drug. Converting the precursor amorphadiene produced by microbes though 

chemical methods to artemisinin is considered to be more attractive than 

extracting from its host plants. Researchers have tried to construct the 

amorphadiene biosynthesis pathway in B. subtilis. Co-expression of 

amorphadiene synthase with dxs and idi, two genes of MEP pathway, yield 

around 20 mg/L of amorphadiene in flask scale [5]. Dxs performs the first 

enzymatic step of MEP pathway that consider as the determinant of the 

pathway[71]. Meanwhile, Idi acts as isopentenyl diphosphate isomerase 

converting IDP to DMADP or vice versa. In mevalonate pathway, Idi is 

essential as mevalonate pathway final step only produces IDP from 

decarboxylation of diphosphomevalonate. Hence, Idi is very critical in 

balancing the high flux of IDP generated by the MVA pathway. In contrast, the 

MEP pathway inherently produces both terpenoids precursor in parallel and 

therefore Idi overexpression probably is not essential. The high expression of 

amorphadiene synthase (ADS) is mandatory in order maximizing the 

utilization of prenyl precursors. With respect to the negative feedback from 

prenyl precursors -IDP, DMADP, GPP or FDP to Dxs- a high flux of the MEP 

pathway gives no benefit unless the downstream part of the pathway can 

utilize the provided precursors efficiently [57]. Improving ADS translation by 

modifying the N-terminus of the protein proved to increase the 

amorphadiene production up to 2.5 fold [5]. It is also interesting to note that 

a high flux of prenyl precursors, such as FDP, might be toxic to the cells 

implying the importance of higher expression of active terpene synthases [4, 

31]. N-terminal fusion of green fluorescent protein to ADS significantly 

improved the expression of ADS that led to better production of 

amorphadiene (Chapter 5). Providing more supply of precursor by additional 

expression of IspA and whole MEP pathway improved the production up to 

42.5 mg/L (Chapter 5). With medium modification by additional pyruvate and 

K2HPO4, our recent result shows the promising capacity of B. subtilis to 

produce this antimalarial artemisinin precursor (416mg/L) (Chapter 5).   
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Taxadiene 

Taxadiene is the critical precursor of the well-known anticancer drug 

paclitaxel (Taxol®). Functional production of taxadiene in B. subtilis was 

attained by combining the heterologous expression of taxadiene synthase in 

combination with the regulated overexpression of the full MEP pathway 

including ispA, the farnesyl diphosphate synthase encoding gene. 

Overexpession of B. subtilis ispA did not lead to produced taxadiene, 

suggesting that IspA does not act as geranyl geranyl diphosphate synthase. Co

-expression of crtE (the GGDPS encoding gene of Pantoea ananatis) together 

with the synthetic operon of MEP pathway and TXS resulted in 17.8 mg/L of 

taxadiene in B. subtilis [99]. It surpasses the result achieved in yeast (8.7 mg/

L)[100]. Higher amounts of taxadiene were achieved by fine tuning the 

expression of MEP pathway of E. coli leading to 1 g/L of product in fed-batch 

fermentation[6]. Taking this result as an inspiration, further improvement on 

B. subtilis taxadiene production capability might involve fine tuning MEP 

pathway genes involving different strength of promoters or ribosome binding 

sites (RBS). 

 

Menaquinone-7 

Menaquinone-7 (MK-7), belonging to terpenoid-quinones, is the major 

vitamin K2 compound, being extensively applied for promoting bone growth 

and cardiovascular health. Previously, many Bacillus subtilis natto strains have 

been screened and mutated to produce MK-7 by traditional fermentation 

without genetic modification [101]. Recently, B. subtilis 168 was employed as 

the chassis cells to produce and increase biosynthesis of MK-7 by modular 

pathway engineering [102]. Four endogenous modular pathways (MK-7 

pathway, shikimate pathway, MEP pathway and glycerol metabolism 

pathway) are related to the biosynthesis of MK-7, and parent strain could 

produce 3.1 mg/L yield of MK-7. When menA (MK-7 pathway) were 

overexpressed under promoter Plaps, 2.1-fold MK-7 yield compared to the 

starting strain could be obtained. And simultaneous overexpression of four 

MEP pathway genes (dxs, dxr/ispC, yacM/ispD, and yacN/ispF) together with 

menA lead to 12.0 mg/L of MK-7. With a further enhancement of the glycerol 
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metabolism by overexpressing glpD and decreasing the intermediate 

metabolite consumption by knockout of dhbB, the final production of MK-7 

significantly increased to 69.5mg/L after 144 h fermentation[102]. 

 

Interestingly, the integration sites for overexpression of MEP pathway genes 

also affects the final production of MK-7. Based on Bacillus minimum 

genome, Yang et al inserted menA, dxs, and dxr into three different loci: yxlA, 

yjoB, and ydeO, respectively [102]. However, when menA-dxs-dxr-idi were 

placed at the amyE locus of B. subtilis as an operon under IPTG-inducible 

promoter Pspac, the final titer of MK-7 significantly increased to 50 mg/L 

without further optimization [103]. Their results also indicated that 

overexpression of idi was beneficial in the presence of menA, dxs and dxr. To 

further improve the production of MK-7, dynamically balanced cell growth 

and target compound synthesis is necessary. Cui et al constructed the Phr60-

Rap60-Spo0A quorum-sensing molecular switch, which could dynamically up-

regulate and down-regulate the expression level of related pathways without 

adding any inducers.  Thus the MK-7 production level increased from 9 to 

360mg/L in B. subtilis, which is by far the highest production level reported at 

flask incubation level [104]. 

 

Current Genetic manipulation tools and promising strategies to 

improve terpenoids production in B. subtilis   

 

Current engineering on B. subtilis for terpenoid cell factory still relies on the 

limited number of replicative plasmids as vector. Replicative plasmids are 

easier to handle and possess higher flexibility for expression manipulation. 

Based on replication mode, there are two types of plasmid, rolling circle 

replicating and theta replicating plasmids. Majority of B. subtilis plasmids, 

especially for high copy number plasmid, are belong to rolling circle plasmids. 

However, rolling circle plasmids suffer from instability especially at more than 

10 kilo base pairs of inserts. Theta replication plasmids offer more stability 

than rolling circle plasmid but natural theta plasmids of B. subtilis are quite 

rare and mostly have a large size (more than 50 kbps)[105]. Nonetheless, 
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several theta replication plasmids are currently available with different 

origins of replication (ORI) allowing  them to be combined [16, 106]. 

 

In contrast to lab scale, fermentation at industry requires highly stable strains 

of bacteria. Integrative plasmids would be more acceptable as the gene 

would be integrated to the chromosome of the bacterium. Currently there is 

a bacillus tool box providing different types of promoter, RBS, and integrative 

plasmids for B. subtilis [14]. Engineering on RBS and constitutive promoters of 

B. subtilis has made possible to tune protein expression by five orders of 

gradients[107, 108]. At genomic level, various manipulation tools for 

replacing or eliminating genes are also available [17, 18, 109]. Current 

CRISPR/Cas9 toolkit for B. subtilis has high efficiency and precision [18]. Toxin

-antitoxin system consisting of EndoA-EndoB has been employed for protein 

expression in B. subtilis without the need of antibiotic as selective agent[22]. 

These might serve as beneficial tool either for nonnative gene insertion or 

fine-tuning expression of particular genes of B. subtilis.  

 

Another requirement on optimum expression of non-native protein is codon 

optimization. B. subtilis owns three different classes of genes based on the 

codon preference. Class I with weak preference constitutes mainly genes 

involved in the intermediary metabolism, meanwhile class II has a very strong 

preference and constitutes genes responsible for exponential growth of the 

bacterium [110]. Class III has its different properties with A+U rich codon 

preference that mostly belong to horizontally transferred gene[110]. 

Nonetheless, compared to E. coli, B. subtilis has less bias on codon usage

[111]. This imply that codon optimization might have less relevant benefit for 

heterologous protein expression in B. subtilis.  

 

As mentioned in previous section, B. subtilis could emit high amount of 

isoprene. With current genetic tools, there are more options in modulating 

terpenoid pathway at the genetic level. Flux improvement of the pathway 

evidently improved the production of several valuable terpenoids in B. 

subtilis including amorphadiene, carotenes, taxadiene, and menaquinones[53, 

98, 99, 102].  
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Protein engineering 

Further effort to increase terpenoid production might also involve protein 

engineering. Upregulating the expression of an enzyme or a pathway cost 

high energy for the cell replication, transcription and translation of particular 

proteins[112]. This high energy cost could be reduced the by trade-off 

between the expression level and enzyme catalytic activity. In addition, 

protein engineering could be also a tool to eliminate the certain inhibition 

event by a substrate or product or to eliminate unwanted side products[113]. 

  

Currently, there is still a small effort in protein engineering the MEP pathway 

enzymes. DXS for example has been a subject of site directed mutagenesis for 

alleviating the negative feedback inhibition of IDP/ DMADP. Mutation at 

A147G/A352G of P. trichocarpa DXS which involve in the binding of IDP 

reduced slightly IDP binding[62]. However it came with cost of higher Km of 

ThDP and pyruvate that overall decreased the catalytic efficiency of the 

enzyme about 15 times compared to the wild type[62]. B. subtilis DXS has 

been found to be more resistant to negative feedback events of IDP/ DMADP 

but it has higher Km compared to Dxs of E. coli (five times higher for G3P and 

three times higher for pyruvate)  [58]. Yet, expression of B. subtilis Dxs in E. 

coli produced higher amount of isoprene compared to Dxs of other 

microorganisms including E. coli counterpart after 24 hr of incubation. The 

foundation on B. subtilis Dxs resistant to negative feedback is still elusive 

since the binding site of ThDP are generally homologous. Apart from 

unsuccessful effort on engineering negative feedback resistant Dxs, single 

amino acid mutation on DXS of E. coli and D. radiodurans has been found to 

increase their catalytic activities.  Mutation on Y392F of E. coli DXS increased 

the relative catalytic activity by more than 2.5 compared to the WT[197]. It is 

suggested that Y392 indirectly involves in the binding of G3P and with the 

alteration to Phe gave more optimum space for G3P to interact with ThDP

[40]. 

 

As mentioned earlier, IspF (in addition to Dxs and IspG) is considered as MEP 

pathway enzymes with low maximum reaction rate per cell in E. coli [71]. In 
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vitro experiment showed that IspF is subject to both positive and negative 

feedbacks event by MEP (the second intermediate product of MEP pathway) 

and FPP respectively[74]. It comes as the effect of inhibition of MEP – IspF 

complex which help the enzyme to bind CDP – MEP as the substrate. 

Engineering IspF with FPP resistant property would be another way to 

enhance the MEP pathway capacity. 

 

Not only to MEP pathway, protein engineering would also be applied to 

terpene synthase. Site directed mutagenesis to improve catalytic activity has 

been performed to levopimaradiene synthase (LPS) a precursor of diterpene 

of ginseng and amorphadiene synthase (ADS).  E. coli expressing M593I 

mutant of LPS increased the overall productivity of E. coli up to 3.7 folds 

compared to E. coli with WT LPS [114]. Meanwhile,  double mutant double 

mutant variant (M593I/Y700F) showed productivity ten folds higher than WT 

with no production of abietadiene as one of the side products of LPS[114]. 

One of the characteristics of terpene synthase is its promiscutity that cause 

the enzyme to produce multitude minor products. Promiscuity would direct 

the flux not only to the major product but also to minor products which 

causes the inefficiency. This could also hamper the subsequent purification of 

the products with quite close physicochemical properties. Another example, 

double mutant of ADS (T399S/H448A) was evidently four times more efficient 

than the WT though with a slight higher Km to FPP[115]. Overall productivity 

showed that E. coli expressing double mutatnt ADS produced amorphadiene 

three times higher that WT after 24 hrs of incubation[115]. At the end, 

combining the highly active terpene synthase with upregulated isoprenoid 

precursor pathway (either MVA or MEP pathway) would be a potential 

approached on optimizing bacterial including B. subtilis terpenoid cell factory. 

However, the structural elucidation or modeling of the specific enzyme would 

be necessary. 

 

Downstream of terpenoid pathway often involves hydroxylation or oxidation 

in general, requires the involvement of specific monoxygenease P450. 

Paclitaxel (Taxol®) requires eight specific P450s for specific oxygenation steps

[116]. Meanwhile amorphadiene conversion to dihydroartemisinic acid, a 
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close precursor of artemisinin involves a specific CYP450 called CYP71AV1 of 

A. annua[11]. Eukaryotic CYP450s expression in bacteria often problematic as 

they are generally membrane bound proteins. In fact, this problem is 

hampering the used of bacterial terpenoid cell factory for further steps of 

terpenoid production. Several microbial cytochromes have been known for 

their capability on hydroxylation of terpenes. CYP109B1 of B. subtilis for 

example has the ability to oxidize valencene to nootkatone (a sequiterpene 

with grape fruit fragrance)[78, 117]. CYP102A1 of Bacillus megaterium 

(aka.P450BM3) has been known as one of the most versatile bacterial 

cytochromes[118]. CYP102A1 has been extensively engineered including for 

amorphadiene oxidation. Tetramutant variant of P450BM3 was able to 

convert amorphadiene to amorphadiene epoxide up to 250 mg/that in E. coli

[119]. This amorphadiene epoxide then underwent through four chemical 

synthesis steps to yield dihydroartemisinic acid as the closest precursor of 

artemisinin. Up until now, cytochrome mediated steps of terpenoid 

biosynthesis still one of the challenges in using bacteria as platform including 

B. subtilis. With more exploration on bacterial cytochrome providing similar 

activity of CYP450 involves in a pathway or feasibly engineered providing an 

alternative pathway, this challenge can be lifted up.  

 

Heterologous Mevalonate Pathway  

Metabolic engineering of B. subtilis as a metabolite cell factory might also 

consider the mevalonate (MVA) heterologous pathway expression. 

Mevalonate (MVA) pathway has been known long before MEP pathway and 

was discovered almost three decades ago. Both eukaryotic or prokaryotic 

organisms can be the genetic sources for a heterologous MVA pathway. 

Several prokaryotes, as has been described in the beginning of the chapter, 

depend on MVA- rather than MEP- pathway for the production of terpenoid 

precursors, IDP and DMADP.  
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Figure 5. Mevalonate pathway for terpenoid precursors biosynthesis. Red dash line indicates 
the feedback or substrate inhibition involved in the pathway. 

MVA pathway starts with the conjugation of two acetyl-coA molecules 

resulting into acetoacetyl-coA (Figure 5). The reaction is catalyzed by acetyl 

coA thiolase or acetoacetyl coA synthase. Additional one molecule of acetyl-

coA in the following step renders the formation of hydroxymethyl glutaryl 

coA (HMG-coA) by HMGC-coA synthase (HMGS). HMG-coA is then reduced 

and loses the coA moiety to produce mevalonate by HMGcoA reductase 

(HMGR). In general, the enzyme requires NADPH as the electron carrier, but 

some HMGR such as from Pseudomonas mevalonii, and Delftia acidovorans, 

rely on NADH rather than NADPH. The oxidoreductive reaction is considered 

as the rate limiting step of the route[120]. Hence, selecting the optimum 

enzyme variant is crucial in developing heterologous MVA pathway. There are 

two types of HMG-coA reductase, class I HMGR is present in eukaryotic 

organisms and several Archaea and class II HMGR is owned by some 

eubacteria, the later class is insensitive toward statin drugs. Mevalonate is 

then subject to successive phosphorylations by mevalonate kinase (MK) and 
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phosphomevalonate kinase (PMK) resulting diphosphomevalonate. In 

contrast to MEP pathway, MVA pathway can not produce DMADP at the last 

step of the route. Instead it only generates IDP as the result of 

decarboxylation of mevalonate diphosphate. To generate DMADP, MVA 

pathway requires isopentenyl diphosphate isomerase (Idi) which is not 

considered essential for bacteria possessing MEP pathway. 

 

Heterologous MVA pathway might offer a less strict regulation at genetic 

levels as well as possible allosteric interaction with the existing cellular 

pathways. Still, some issues regarding the interconnectedness between its 

metabolites especially at the upstream of the pathway to central carbon 

metabolism should not be underestimated. Notwithstanding, the pathway 

has been successfully expressed in E. coli to produce amorphadiene up to 

700mg/L in flask scale after 48 hours of incubation and 29 g/L (100 hr of 

incubation) in the fed batch culture fermentation after adjustments of 

metabolites flux [120, 121].  

 

Mevalonate pathway requires three acetyl-CoA molecules as the precursors. 

Compared to MEP pathway that starts with an equal molecule of pyruvate 

and glyceraldehyde 3-phosphate, theoretically MVA pathway consumes more 

carbon source. In addition, knowing the position of acetyl-coA as the general 

precursor for essential cell metabolites such as amino acids and lipids, 

heterologous expression of MVA pathway might alter the equilibrium of the 

cell central carbon metabolism with regard to acetyl-coA pool [122, 123]. In 

Staphylococcus aureus that endogenously utilizing MVA pathway, there is a 

positive correlation between HMGR and pyruvate dehydrogenase expression 

level to accommodate sufficient level of acetyl-coA upon the upregulation of 

MVA pathway[123]. Heterologous expression of the three upstream enzymes 

from S. cerevisiae MVA pathway in E. coli depleted acetyl-coA concentration

[122]. By contrast, there was also parallel accumulation of HMG-coA and 

Malonyl-coA with lower growth of the bacterium with lowered expression of 

HMGR compared to the WT[122]. Upon the DNA profiling and metabolomic 

measurement, the cytotoxic effect of HMG-coA is related to fatty acid 
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metabolism perturbation, specifically involving type II fatty acid biosynthesis

[124]. Malonyl-coA is usually maintained at low level by acyl carier protein – 

malonyl-coA – acetyl-coA relation. With the fact that E. coli strain expressing 

three first enzymes of MVA pathway suffered from cytotoxicity along with 

apparent low level of acetyl-coA and high malonyl-coA concentration, it 

indicates that the intermediate metabolites initial steps of MVA pathway 

burden the fatty acid metabolism. HMG-coA accumulation perturbed the 

expression of fab regulon indicated by upregulation of fabB (b-ketoacyl-ACP 

synthase I), fabD (malonyl-CoA – ACP transacylase), and fabH[124]. Fatty acid 

composition of the cell was also altered by the domination of unsaturated 

fatty acid and depletion of saturated fatty that palmitic acid and oleic acid 

supplementation. Fatty acid metabolism perturbation led to the stress 

responses including osmotic and oxidative stress shown by increased 

expression otsAB operon, osm operon, bet operon encoding betain 

biosynthetic proteins, and oxidative stress marked by higher hydrogen 

peroxidase production[124]. Higher expression of HMGR reduced HMG-coA 

accumulation rendering lower malonyl-coA and improved cell survival[122].  

 

MVA pathway is also regulated at mevalonate phosphorylation step [123, 

125, 126]. In vitro experiments using mammalian and bacterial mevalonate 

kinase indicate that the enzyme is affected by negative feedback with a high 

concentration of prenyl diphosphates such as geranyl diphosphate, farnesyl 

diphosphate, and geranylgeranyl diphosphate[125]. However, in general 

bacterial mevalonate kinases are less sensitive to negative feedback inhibition 

by prenyl diphosphates compared to mammalian enzymes. Prenyl 

diphosphates competitively bind to ATP binding site of the enzyme. 

Staphylococcus aureus mevolanate kinase, for example, is three order 

magnitude less sensitive to prenyl diphosphates compared to human variant

[125, 126]. In addition to negative feedback by prenyl diphosphates, the 

enzyme is also controlled by substrate inhibition at millimolar level of 

mevalonate[126]. The substrate and product inhibition has not been found in 

phosphomevalonate kinase enzyme[127]. Thus, so far, two steps in MVA 
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pathway, HMG-coA reduction and mevalonate phosphorylation determined 

the flux of the pathway. 

 

Data on the cellular toxicity, kinetic parameters, and allosteric regulation of 

heterologous pathway are important keys in building optimum cell factory

[21]. With those data, it is possible to design the optimum model of cell 

factory. Ma et al conducted experiments to select optimum HMGR in E. coli. 

All strains brought S. cerevisiae MVA pathway but lacked HMGR. E. coli strain 

expressing D. acidovorans enzyme which has lower Vmax than the most 

active S. aureus produced higher amorphadiene production though produced 

lower mevalonate[120]. It shows, properly, that balancing the flux capable on 

preventing cellular toxicity and substrate/ product inhibition at the same 

time, that eventually ensured higher production of the final product. This 

requires synchronous and tunable gene expression in addition to well-known 

enzyme activity.  

 

One of important elements in pathway optimization is cofactor supply. MVA 

pathway requires NADPH or NADH as the electron carriers involved in the 

reductive reaction of HMG-coA resulting mevalonate. NADPH involves in 

most of anabolic cellular reactions and thus, possibly heterologous MVA 

pathway competes the cofactor sustenance with those pathways. Thus, 

regeneration system to sustain NADPH supply is required. Many NADPH 

regenerating modules have been employed to support high titter metabolites 

productions. Upregulating the expression of zwf encoding glucose-6-

phosphate dehydrogenase has been utilized in Bacillus genus such as for 

riboflavin[128, 129], poly-g-glutamic acid production [130], bacitracin[131]. 

However, upregulating pentose phosphate pathway would split the glucose 

utilization that will decrease ATP and/or acetyl-coA rate production. Other 

approaches include expression of heterologous NADH kinase (POS5) of S. 

cerevisiae to phosphorylate NADH[132, 133] and replacement of the native 

NAD+ dependent glyceraldehyde 3-phosphate to NADP+ dependent 

dehydrogenase (GAPDH) facilitated by GapC of Clostridium acetobutylicum 
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[132, 134] or GapB of B. subtilis [135]. gapA replacement to gapC significantly 

increased lycopene and caprolactone production in E. coli but lower 

metabolite flux through pentose phosphate pathway[134]. This might due 

NADPH pool sensing that gives negative feedback to pentose phosphate with 

the accumulation of NADPH in the cell. Upregulation of pos5 and zwf 

significantly improved lycopene production in S. cerevisiae[136]. However, in 

another experiment to promote production protopanaxadiol, precursor of 

ginsenoside, in baker yeast, pos5 overexpression resulted in decrease cell 

growth that eventually lower production of the compound [137]. Kim et al 

improved protopanaxadiol production in S. cerevisiae with more global 

approach, by deleting zwf, replacing ald2 encoding NAD+ dependent 

acetaldehyde dehydrogenase to NADP+ dependent isoform ald6, and 

replacing gdh1, encoding NADPH dependent glutamate dehydrogenase with 

NADH dependent isoform gdh2[137]. This approach increased the NADPH 

pool and at the same time decrease NADPH consumption for certain 

pathway. zwf overexpression though supply more NADPH, decrease the 

production of protopanaxadiol as the competition of pentose phosphate with 

glycolysis pathway[137].  

 

NADPH involvement in anabolic pathway render stricter regulation than 

NADH[137, 138]. Hence, replacing the NADPH dependent HMGR to NADH 

dependent counterpart would compromise the trickiness in cofactor 

regeneration. Ma et al, exploited HMGR of D. acidovorans that consumed 

NADH instead of NADPH and overexpression of formate dehydrogenase 

(FDH) of Candida boidinii. Formate supplementation into the medium 

considerably increase amorphadiene production[120]. Meanwhile, Meadow 

et al replaced yeast HMGR with NADH-dependent HMGR of Silicibacter 

pomeroyi together with higher supply of acetyl-coA to produce up to 130g/L 

farnesene in bioreactor scale. 
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Figure 6. A systematic approach for optimum metabolic engineering B. subtilis 

 

Further strategies and conclusion 

 

Increasing numbers of genetic tools could facilitate the development of B. 

subtilis as cell factories producing terpenoids. To take full advantages of these 

tools, it’s critical to well understand the characterizations of each enzyme in 

the biosynthetic pathway and their complicated regulations. In this case, the 

limiting factors within the terpenoids synthesis pathways, such as insufficient 

of NADPH or ATP, accumulated toxic intermediates, could be predicted and 

distinguished[215]. To release these bottlenecks, not only gene fine-tuning 

elements, such as promoter and RBS libraries which could facilitate 

metabolites redirection, but also  protein engineering approaches including 

directed evolution of proteins, application of fusion enzymes, multifunctional 

enzymes and synthetic protein scaffolds, could be applied[46, 198, 222]. In 

addition, in vitro evaluation the contribution of each pathway enzymes and 

steady-state kinetic parameters provide insight into how to reconstitute an 

ideal biosynthesis pathway in vivo. [127].  Furthermore,  current sophisticated 

multilayers omic analysis (transcriptome, proteomics and metabolomics) 

would give global pictures on terpenoids flux analysis, regulation, and 

interactions (Figure 5.) [59]. These will no doubt provide more suggestions on 

improve terpenoids production. 
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Abstract 

 

The creation of microbial cell factories for sustainable production of natural 

products is important for medical and industrial applications. This requires 

stable expression of biosynthetic pathways in a host organism with favorable 

fermentation properties such as Bacillus subtilis. The aim of this study is to 

construct B. subtilis strains that produce valuable terpenoid compounds by 

overexpressing the innate methylerythritol phosphate (MEP) pathway. A 

synthetic operon allowing the concerted and regulated expression of 

multiple genes was developed. Up to 8 genes have been combined in this 

operon and a stably inherited plasmid-based vector was constructed 

resulting in a high production of C30 carotenoids. For this, two vectors were 

examined, one with rolling circle replication and another with theta-

replication. Theta replication constructs were clearly superior in structural 

and segregational stability compared to rolling circle constructs. A strain 

overexpressing all eight genes of the MEP pathway on a theta-replicating 

plasmid clearly produced the highest level of carotenoids. The level of 

transcription for each gene in the operon was similar as RT-qPCR analysis 

indicated. Hence, that corresponding strain can be used as a stable cell 

factory for production of terpenoids. This is the first report of merging and 

stably expressing this large size operon (eight genes) from a plasmid-based 

system in B. subtilis enabling high C30 carotenoid production.  

 

Keywords: Bacillus subtilis; MEP; carotenoids; cell factory; stability  
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Introduction 

 

Bacillus subtilis is a gram-positive bacterium that is considered as a GRAS 

(generally regarded as safe) organism by the Food and Drug Administration 

(FDA). The bacterium possesses properties that render it suitable for 

metabolic engineering to develop it as a cell factory, such as its fast growth 

rate and capability to grow on cheap raw material like molasses [143, 144]. B. 

subtilis also has a broad metabolic potential, no significant bias in codon 

usage and a wide substrate range. Hence, it is suitable for expression of 

diverse kinds of proteins allowing B. subtilis to be engineered to produce a 

multitude of metabolites including riboflavin [129, 145, 146].  

 

Terpenoids are considered as one of the metabolite groups that are 

important in pharmaceutical, food, and cosmetic industries. Different 

terpenoids have been exploited as food colorants, fragrances or drugs such as 

the antimalarial artemisinin and anticancer paclitaxel [53, 147, 148]. High 

demand for medicinal terpenoids and the low yield of isolation from their 

natural sources warrant an alternative supply strategy [6, 11]. Microbial 

terpenoid cell factories has become one of the alternative choices in fulfilling 

the gap between demand and supply of these metabolites [6, 149]. 

Terpenoids are produced through two generic pathways called methyl 

erythritol phosphate (MEP) or mevalonate (MVA) pathway. B. subtilis has an 

innate MEP pathway with the capability to produce higher isoprene amounts 

compared to most eubacteria including E. coli [13]. Thus, it has the 

prospective to be engineered for high productivity of terpenoids. Further 

improvement of B. subtilis terpenoid production capability requires 

multigene overexpression of the MEP pathway enzymes.  Tightly regulated 

overexpression of the MEP pathway genes is required to overcome toxicity 

due to intermediate product accumulation such as dimethylallyl diphosphate 

(DMAPP), isopentenyl diphosphate (IDP), and farnesyl diphosphate (FDP) at 

the very beginning of the bacterium growth phase [31]. This regulation can be 

achieved by using inducible promoter [107, 108]. Furthermore, there are also 

efforts to develop genetic manipulation tools of B. subtilis particularly at 

genomic level [17, 18, 109]. Nevertheless, for practical reasons and multicopy 
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gene amplification ability, plasmids are still a choice for protein 

overexpression. In addition, MEP pathway genes are interspersed in many 

loci and under different regulon of B. subtilis genome[56]. Hence, 

constructing a single synthetic operon of MEP pathway under the control of 

an inducible promoter in a stable replicative plasmid would be beneficial. 

 

Closest prior art on metabolic engineering of B. subtilis involving an operon of 

multiple genes contained only two genes in a rolling circle plasmid without 

having the stability data and manipulation on ribosome binding site to 

optimize the protein expression [150]. However, the stability of these rolling 

circle replication plasmids is usually poor prohibiting the scale up to 

fermentation status [105, 151, 152]. Hence, the need for a stable expression 

system in B. subtilis allowing the construction of recombinant plasmids with 

large inserts encompassing multiple genes is a pressing issue. 

 

Here, we aim to bring together all of the endogenous MEP pathway genes in 

a regulated synthetic operon on a single plasmid facilitating high precursor 

supply for C30 terpenoid production. The validity of this approach is 

demonstrated by an unprecedented high production of C30 terpenoids by the 

concerted overexpression of the whole MEP pathway of B. subtilis. This 

system can serve as a basis for using B. subtilis as a cell factory for various 

commercially important terpenoids.  

 

Materials and Methods 

 

Bacterial strains, growth conditions and vectors 

Bacterial strains and expression vectors are listed in Table 1. E. coli DH5α 

strains were cultured in Luria-Bertani broth (LB) while B. subtilis 168 strains 

were grown in Tryptic Soy Broth (TSB) (17 g/l Tryptone, 3 g/l Soytone, 2.5 g/l 

Dextrose, 5.0 g/l NaCl, 2.5 g/l K2HPO4). Both E. coli and B. subtilis 168 were 

grown at 37 ºC under shaking conditions (250 r.p.m.). When necessary, 

growth media were supplemented with antibiotics in the following 

concentrations: 10 μg/ml chloramphenicol, 100 μg/ml ampicillin or 100 μg/ml 
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erythromycin for E. coli DH5α and 5 μg/ml chloramphenicol or 20 μg/ml 

tetracycline for B. subtilis 168.  

 

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

 

 

Cloning strategy 

Genes encoding dxs, ispD, ispH, ispF, ispC, ispE, ispG and ispA were amplified 

from B. subtilis genomic DNA, based on published annotation of its genome, 

using PCR with the suitable primers available in our previous study[53]. In our 

previous study, we were able to construct operons containing up to four 

genes of MEP pathway in pHCMC04G designated as SDFH (contains dxs-ispD-

ispF-ispH), and CEGA (ispC-ispE-ispG-ispA) operons. To create the pHCMC04G 

construct containing seven genes of MEP pathway along with ispA gene, 

responsible for producing farnesyl pyrophosphate, the CEGA subset was 

amplified using primers that introduce overlapping flanks with the BglII-

restricted p04SDFH construct. Subsequently, the CEGA was inserted to the 

restricted p04SDFH by using circular polymerase extension cloning (CPEC) 

[156], resulting in p04SDFHCEGA (Figure 1. A.).  

 

 

Bacterial strain Genotype Reference   

B. subtilis 168 trpC2 [15, 92]   

E. coli DH5α F-endA1 hsdR17 (rk
-,mk

+) supE44 thi-1 λ-

recA1 gyrA96 relA1 φ80dlacZ∆M15 
Bethesda Research 
Lab 1986 

Vector Significant properties Reference   

pHB201 B. subtilis and E. coli shuttle vector; ori-
pUC19; ori-pTA1060 (rolling circle replica-
tion); P59 constitutive promoter; 
cat86::lacZα; CmR; EmR 

[26] 

  

pHCMC04G 

  

B. subtilis and E. coli shuttle vector; ori-
pBR322; ori-pBS72 (theta replication); 
PxylAxylose-inducible promoter; CmR; AmpR 

[200] 
  

pHYCrtMN B. subtilis and E. coli shuttle vector; ori-
pACYC177; ori-pAMα1; crtM and crtN 
genes of S. aureus; AmpR; TcR 

[200, 209] 
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A B 

Figure 1. A. Strategy for constructing the synthetic operons. Synthetic operons, containing 
from one up to four genes, were constructed by repeatedly cloning each gene between SwaI 
and BglII restriction sites. Each gene possesses a B. subtilis mntA ribosomal binding site at 
the beginning and a stop codon at the end. A His-tag is present at the end of the last open 
reading frame of the operon. The whole operon is located between SpeI and BamHI re-
striction sites to facilitate cloning it into subsequent plasmids. Finally, an operon containing 
all the eight genes was constructed using circular polymerase extension cloning procedure to 
insert CEGA into the p04SDFH construct. B. 2-C-methyl-D-erythritol-4-phosphate (MEP) 
pathway. 

Expression of the genes from the different constructs in B. subtilis 168 

With his-tag sequence at the last protein of the operon, we could check the 

expression of the respective protein before the addition of another gene at 

the downstream.  To check the expression, B. subtilis 168 strains with 

pHB201 and pHCMC04G constructs were cultured in 50 ml TSB medium 

containing suitable antibiotics. Overnight cultures were diluted to an OD600 

of 0.05 in TSB medium and grown for 3 h at 37 °C and 250 rpm. Then, xylose 

was added to a final concentration of 1 % to start induction of pHCMC04G 

constructs. The cultures were grown overnight at 37 °C and 250 rpm before 

checking the protein expression. Protein samples for SDS-PAGE and 

Western blot were prepared as previously published [53]. Purified proteins 

were loaded on SDS-PAGE using precast NuPAGE® gels (Invitrogen) and 
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stained by Coomassie-based stain InstantBlueTM (Expedeon Ltd.) or analyzed 

by Western blotting where specific antibodies against the his-tag were used. 

Volume of samples were normalized based on the protein concentration 

measured by nanodrop spectrophotometer at amount of 40 mg per well. 

Fluorescent IgG secondary antibody (IRDyes800 CM goat anti-rabbit LiCor 

Bioscience was used to detect the primary antibody (the bound 

antipolyhistag). The fluorescence event at 800 nm was detected by Odyssey 

Infrared Imaging System (LiCor Biosciences).  

 

Real-time quantitative PCR (RT-qPCR) analysis 

B. subtilis 168 strain p04SDFHCEGA was incubated as described in the 

procedure above. After addition of xylose, the culture was incubated further 

for 5 h and harvested for total RNA isolation. The total RNA was extracted 

from the pellet using Maxwell® 16 LEV simplyRNA Purification Kit with an 

additional enzymatic digestion step. The reverse transcription reaction was 

then performed immediately using Moloney Murine Leukemia Virus Reverse 

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

to synthesize cDNA. The thermal program was: incubate for 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. 

 

Transcriptional level of target genes was analyzed by RT-qPCR with SYBR 

Green (SensiMixTM SYBR Low-ROX kit, Bioline) in QuantStudio™ 7 Flex Real-

Time PCR System (Thermo Fisher Scientific). Each sample was measured in 

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

ºC for 15 s, 60 ºC for 25 s, and followed by melting curve analysis using the 

defaulted program. Data analysis was carried out using QuantStudio™ Real-

Time PCR Software v1.3 (Thermo Fisher Scientific). The p04SDFHCEGA 

plasmid was used to construct standard curves for quantitative analysis. The 

logarithmic of absolute copy number of each target part was interpolated 

from the standard curves. Primers were designed using NCBI Primer-BLAST 

online (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) [157]. The primers 

were designed to overlap between two genes at the beginning, middle and 

end of the operon and thus not to react with non-episomal genes. Hence, the 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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primers used overlap as follows, between genes dxs and ispD (SD), between 

genes ispH and ispC (HC), and between genes ispG and ispA (GA), 

respectively.  

 

Analysis of segregational and structural stability of the constructs in B. 

subtilis 168 

Segregational stability was measured by evaluating the growth of B. subtilis 

168 cells harboring the p201SDFH, p201CEGA, p04SDFH, p04CEGA or 

p04SDFHCEGA constructs in TSB medium for 100 generations in the absence 

of antibiotics.  

 

The cells of B. subtilis 168 were first grown in 1 ml TSB broth containing 5 μg/

ml chloramphenicol for 16 h at 37°C. The overnight cultures were inoculated 

into 10 ml fresh TSB broth without chloramphenicol and incubated at 37°C, 

220 rpm for 24 h, attaining full growth. The cultures were diluted 1:1000 by 

fresh TSB broth without chloramphenicol and further incubated for 12 h 

(growth of 1:1000 dilution accounts for about 10 generations of cultivation, 

210 = 1024). These cultures were diluted 106 fold and plated onto LB agar 

plates without chloramphenicol. After incubation at 37°C overnight, 160 

colonies were picked up and transferred onto LB agar plate supplemented 

with 5 μg/ml chloramphenicol. This treatment, starting from 1:1000 culture 

dilution followed by plating, was successively repeated 10 times to obtain 100 

generations of cultivation.  The presence of the plasmids was confirmed by 

the growth of the colonies on the plates, thus indicating that the plasmid 

hosted by the colonies is segregationally stable. The segregational stability of 

each construct was represented as % of colonies retaining the plasmid 

construct which is equal to [colonies on LB plate with antibiotic/ colonies on 

LB plate without antibiotic * 100%]. 

 

Structural stability of the constructs was determined as described above 

apart from the addition of chloramphenicol throughout the cultivation then 

colony PCR was used to detect large fragment deletions, in addition to 

random sequencing to detect mutations and small fragment deletions. Colony 
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PCR was conducted using a pair of sequencing primers (Table 2) attached to 

the upstream and downstream of the operon of p201 and p04 constructs. 

The amplicons were then subjected to gel agarose electrophoresis to detect 

any large fragment deletions when a band smaller than the expected size was 

observed on the gel.  

 

Table 2. Primers used for colony PCR of p201 and p04 constructs. 

 
Bold sequences mark the homologous part to BglII restricted p04SDFHCEGA  

 

Production of carotenoids in B. subtilis strains overexpressing MEP pathway 

genes 

The B. subtilis strains containing both pHB201 and pHCMC04G constructs of 

MEP pathway genes were transformed with the pHYCrtMN plasmid, bearing 

genes responsible for carotenoid production. The genes were expressed, and 

carotenoids were extracted and quantified as described in a previous study 

[53].  

 

Nucleotide sequence accession number 

The nucleotide sequence of the complete genome of Bacillus subtilis 168 is 

reported with the following accession numbers: AL009126 and NC000964. 

The MEP pathway genes used in this study were amplified from the genomic 

DNA of B. subtilis 168. 

Primer name Sequence(5’→3’) Function 

F-CEGA CTTCCAAAAAACGAT-
TTAAATCGAAAGAGGAGGAGA
AATATGAAAAATATTTGTCTTTT
AGGAG 

Amplification CEGA frag-
ment for CPEC procedure 

R-CEGA TCAG-
TGATGATGATGATGATGCAGAT
CTCGATTTAAATCGTGATCTCTT
GCCGCAATTAAATC 

Amplification CEGA frag-
ment for CPEC procedure 

p201_F_seq (T3) ATTAACCCTCACTAAAG Colony PCR 

p201_R_seq (T7) AATACGACTCACTATAG Colony PCR 

p04_F_seq TAAACTTGTTCACTTAAATC Colony PCR 

p04_R_seq TCAGTTGCAGACAAAGATCTC Colony PCR 
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Results and Discussion 

 

Constructing synthetic operons harboring MEP pathway genes  

The cloning strategy reported here allowed the insertion of multiple genes 

into a single synthetic operon controlled by the same promotor. Two vectors 

with different promotors and mode of replication were compared. pHB201 

rolling circle replication vector with the P59 constitutive promotor and 

pHCMC04G theta replication vector with xylose inducible promotor. The 

constructed operons contained genes of the MEP pathway starting from one 

gene up to eight genes (Table 2). It also permitted to insert before each gene 

the B. subtilis mntA ribosomal binding site, which is considered a strong Shine

-Dalgarno sequence (ΔG > 50.4 kJ mol-1). A spacing of six nucleotides to the 

starting codon was employed to ensure translational efficiency [158]. The 

presence of a C-terminal his-tag code at the end of the operon made it 

possible to purify the terminal protein encoded by each operon and evaluate 

its expression on Western blot using anti-his antibodies (Figure 2. A.). This 

strategy allowed for consecutive insertion of genes where the expression of 

each inserted gene is confirmed before adding the next gene. All genes in 

each operon were checked by sequencing demonstrating at all transcripts are 

intact.  Current cloning strategy involving CPEC method allowed us to put 

together seven genes of MEP pathway in addition to ispA into a theta 

replicating plasmid.  

 

Several factors might influence the variability protein signal in the western 

blot among the MEP pathway enzymes. There is a positive correlation 

between the transcription distance of a gene from the end of the operon with 

the higher protein expression as it gives more time for the growing mRNA to 

be translated directly before the transcription ceases[159]. However, this 

might not explain the phenomenon of higher expression IspG that located at 

downstream of the operon. Factors apart from translation efficiency such as 

the antibody interaction with the histag of a specific protein and protein 

stability might also influence the signal of the western blot  
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Construct Vector Genes in the operon Reference 

p201S pHB201 dxs This study 

p201SD pHB201 dxs + ispD This study 

p201SDF pHB201 dxs + ispD + ispH This study 

p201SDFH pHB201 dxs + ispD + ispH + ispF This study 

p201C pHB201 ispC This study 

p201CE pHB201 ispC + ispE This study 

p201CEG pHB201 ispC + ispE + ispG This study 

p201CEGA pHB201 ispC + ispE + ispG + ispA This study 

p04S pHCMC04G dxs [53] 

p04SD pHCMC04G dxs + ispD [53] 

p04SDF pHCMC04G dxs + ispD + ispH [53] 

p04SDFH pHCMC04G dxs + ispD + ispH + ispF [53] 

p04C pHCMC04G ispC [53] 

p04CE pHCMC04G ispC + ispE [53] 

p04CEG pHCMC04G ispC + ispE + ispG [53] 

p04CEGA pHCMC04G ispC + ispE + ispG + ispA [53] 

p04SDFHCEGA pHCMC04G dxs + ispD + ispH + ispF + ispC + 

ispE + ispG + ispA 

This study 

CrtMN pHY300PLK CrtM + CrtN [97] 

Table 3. Constructs used in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Study of p04SDFHCEGA operon expression using RT-qPCR analysis 

The p04SDFHCEGA strain contain eight genes in the same operon regulated 

by a single promotor. RT-qPCR analysis was used to confirm equal 

expression level of all genes in the operon. Since the B. subtilis genome 

contains a copy of each of the MEP pathway genes, using primers specific 

for each gene would not differentiate between the expression levels of the 

chromosomal and plasmid genes. Hence, primers overlapping at sequences 

between two genes at the beginning (SD), middle (HC) and end (GA) of the 

operon were designed to avoid amplifying the chromosomal genes. This is 

indeed confirmed by the absence of any signal in the wild type strain. The 

expression level of each target fragment is represented as the logarithm of 
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absolute copy number per unit input total cDNA. The level of expression of 

the genes at the beginning, middle and end of the p04SDFHCEGA operon was 

nearly similar (Figure 2. B.) indicating that the single promotor was effective 

in controlling the expression of the entire operon in pHCMC04G vector. The 

results show that the transcripts are intact and all genes are expressed at the 

same level irrespective of their position in the operon. This can eliminate any 

doubt about the effect of the long length of the operon on the integrity of the 

mRNA transcripts and in turn, on protein expression.  

 

 

 

 

 

Figure 2. A. Western blot of pHCMC04G constructs of MEP pathway proteins expressed in B. 
subtilis 168. Proteins were isolated from B. subtilis 168 cell lysates and purified using His 
SpinTrapTM columns (GE Healthcare). After purification, protein samples were loaded on an SDS
-gel and detected on Western blot using specific antibody against the his-tag. Volume of the 
samples were adjusted according to the concentration of each sample measured by nanodrop 
spectrophotometer for 40 mg of total protein. 1, Dxs (70 kDa); 2, IspD (26 kDa); 3, IspF (17 
kDa); 4, IspH (35 kDa); 5, IspC (43 kDa); 6, IspE (32 kDa); 7, IspG (41 kD); 8, IspA (32 kDa). The 
differences in intensities of the bands maybe influenced by the differences in availability of the 

A 

B 

Dxs IspF IspD IspH IspC IspE IspA IspG 
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his-tag for SpinTrapTM and antibody binding. The proteins are all translated from the same 
transcript using the same RBS. B. Expression level of genes in B. subtilis 168 containing 
p04SDFHCEGA construct. The expression level of each target fragment was represented as the 
logarithmic of absolute copy number per unit input total cDNA (10 ng), quantified by qPCR 
using serial dilutions of standards. SD represents beginning of the operon, fragment containing 
overlap of genes dxs and ispD; HC depicts middle of the operon, fragment containing overlap 
of genes ispH and ispC; GA illustrates end of the operon, fragment containing overlap of genes 
ispG and ispA. Mean values of three independent experiments with standard deviation are 
indicated by error bars. 
 
 

Segregational and structural stability of the constructed plasmids in B. 

subtilis 168 

After the successful compilation of the operons, a comparison between the 

pHB201 and pHCMC04G constructs was made investigating their 

segregational and structural stability in B. subtilis 168.  The pHCMC04G 

strains show approximately 100 % ability to retain the plasmid construct in 

medium without antibiotic until the 40th generation after which a slight loss 

of the plasmid occurred (Figure 3). The plasmids showed over 85 % stability 

inheritance until the 100th generation. In contrast, the strains with rolling 

circle plasmid pHB201 showed significant loss starting from the 20th 

generation ending with more than 70% plasmid loss by the 100th generation. 

Sequencing of the pHCMC04G constructs indicated that 100 %, 88 % and 90 % 

of the colonies of p04SDFH, p04CEGA and p04SDFHCEGA strains, respectively, 

possessed the correct sequence of the operon after 100 generations 

indicating their structural stability. In contrast, the sequences of the 

constructed operons in pHB201 usually showed deletions and mutations 

when the plasmid size became more than 10 kb based on colony PCR and 

sequencing performed. Sequencing results showed that already after the 10th 

generation only 57 % and 62 % of the colonies of p201SDFH and p201CEGA 

strains, respectively, had the correct sequence. Note that, the creation of a 

pHB201 eight gene construct turned out to be impossible further proving the 

segregational and structural instability of the pHB201 constructs.  
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Figure 3. Segregational stability of pHB201 and pHCMC04G constructs in B. subtilis 168. The 
stability of strains was represented as the % of colonies retaining the plasmid formed on the 
chloramphenicol-containing plates after successive subculturing (100 generations) from three 
different independent cultures. 
 

These results are in line with the facts that rolling circle replication plasmids 

usually suffer from structural instability where recombination of short direct 

repeats present within this single-stranded DNA may lead to the deletions 

[105, 160, 161]. In addition, pHB201 is a plasmid that lacks active partitioning 

during replication which makes it prone to segregational instability causing 

loss of the entire plasmid population from a cell. It is noteworthy to mention 

that the instability of pHB201 is also observed independent from the use of a 

strong constitutive promotor, as pHB201 showed the same pattern of 

instability when a xylose promotor was used. It has been described that more 

stable plasmids might be derived on the basis of theta-replication 

mechanisms, originated from large plasmid of gram-positive bacteria such as 

pAMb1 from Streptococcus faecalis, pTB52 from thermophilic Bacillus, and 

also pLS20 and pLS32 from B. subtilis natto [106, 162—165]. Theta-replication 

based plasmids are mostly low-copy number plasmids that replicate in the 

host through a theta-type intermediate where two replication forks proceed 

independently around the DNA ring, hence, they are structurally and 
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segregationally stable up to a size of 50 kb compared to rolling circle 

replication plasmids in which nucleic acid replication is unidirectional leading 

to instability [106, 161, 166, 167]. Our results are fully in line with these 

findings as we show that even a metabolically very active synthetic operon 

can be stably maintained. 

 

Enhanced carotenoid production in B. subtilis strains overexpressing 

MEP pathway genes 

The OD600 of all MEP pathway engineered B. subtilis strains after 24 h growth 

ranged from OD600 7 - 9. The total amount of carotenoids, 4,4′-

diaponeurosporene and 4,4′-diapolycopene, produced in the different B. 

subtilis strains overexpressing MEP pathway genes with the help of pHB201 

or pHCMC04G constructs was calculated as (mg/g dcw) to allow comparison 

between the strains. As a control, B. subtilis strain that only contains the 

pHYCrtMN plasmid was used. The amount of total carotenoids produced in 

the B. subtilis strains containing pHB201 constructs overexpressing MEP 

pathway genes is less than that produced by the strains containing 

pHCMC04G constructs by approximately 50% (Figure 4.). This is in 

accordance with the decreased stability of the pHB201 constructs compared 

to the pHCMC04G constructs.  The pHCMC04G strain over expressing the 

eight genes, dxs, ispD, ispH, ispF, ispC, ispE, ispG, and ispA showed the 

highest amount of carotenoids produced, approximately 21 mg/g dcw, 

around 20 folds higher than the control strain with only pHYCrtMN plasmid. 

This amount of C30 carotenoids produced has never been reported before. 

The production level in B. subtilis can compete with production of C40 

carotenoids such as lycopene reported in E. coli at 7.55 mg/g dcw [168] and 

at 24.41 mg/g dcw in Saccharomyces cerevisiae [141], β-carotene at 20.79 

mg/g dcw in S. cerevisiae [169], zeaxanthin at 11.95 mg/g dcw in E. coli [170] 

or astaxanthin at 8.64 mg/g dcw in E. coli [171] and at 8.10 mg/g dcw in S. 

cerevisiae [172]. In addition, the reported production level in the eight gene B. 

subtilis strain is higher than that reported for other terpenoids in B. subtilis 

such as 0.5 mg/L of isoprene [173] and 17 mg/L of amorphadiene [150].  
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Figure 4. Total amount of carotenoids produced by B. subtilis 168 strains containing 
pHB201 or pHCMC04G constructs overexpressing MEP pathway genes in addition to 
pHYCrtMN construct. The amount of carotenoids was represented as mg/g of dry cell 
weight.  
 

Conclusion 

 

A B. subtilis strain overexpressing the whole MEP pathway (p04SDFHCEGA) in 

a stable manner was successfully created. This is the first report of the 

expression of the complete MEP pathway in a plasmid-based system in B. 

subtilis where it was proven that such a large operon can be stably expressed. 

This strain significantly improved the production of C30 carotenoids in B. 

subtilis. Together with its GRAS status, that E. coli does not possess, and fast 

growth rate, this could make B. subtilis a preferable cell factory for the 

production of valuable terpenoids such as artemisinin and paclitaxel at the 

industrial level. 
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Abstract 

 

Terpenoids are natural products known for their medicinal and commercial 

applications. Metabolic engineering of microbial hosts for the production of 

valuable compounds, such as artemisinin and Taxol, has gained vast interest 

in the last few decades. The Generally Regarded As Safe (GRAS) Bacillus 

subtilis 168 with its broad metabolic potential is considered one of these 

interesting microbial hosts. In the effort toward engineering B. subtilis as a 

cell factory for the production of the chemotherapeutic Taxol, we expressed 

the plant-derived taxadiene synthase (TXS) enzyme. TXS is responsible for the 

conversion of the precursor geranylgeranyl pyrophosphate (GGPP) to taxa-

4,11-diene, which is the first committed intermediate in Taxol biosynthesis. 

Furthermore, overexpression of eight enzymes in the biosynthesis pathway 

was performed to increase the flux of the GGPP precursor. This was achieved 

by creating a synthetic operon harboring the B. subtilis genes encoding the 2-

C-methyl-D-erythritol-4-phosphate (MEP) pathway 

(dxs, ispD, ispF, ispH, ispC, ispE, ispG) together with ispA (encoding geranyl 

and farnesyl pyrophosphate synthases) responsible for providing farnesyl 

pyrophosphate (FPP). In addition, a vector harboring the crtE gene (encoding 

geranylgeranyl pyrophosphate synthase, GGPPS, of Pantoea ananatis) to 

increase the supply of GGPP was introduced. The overexpression of the MEP 

pathway enzymes along with IspA and GGPPS caused an 83-fold increase in 

the amount of taxadiene produced compared to the strain only expressing 

TXS and relying on the innate pathway of B. subtilis. The total amount of 

taxadiene produced by that strain was 17.8 mg/l. This is the first account of 

the successful expression of taxadiene synthase in B. subtilis. We determined 

that the expression of GGPPS through the crtEgene is essential for the 

formation of sufficient precursor, GGPP, in B. subtilis as its innate metabolism 

is not efficient in producing it. Finally, the extracellular localization of 

taxadiene production by overexpressing the complete MEP pathway along 

with IspA and GGPPS presents the prospect for further engineering aiming for 

semisynthesis of Taxol  

 

Keywords: Bacillus subtilis, metabolite, MEP, GGPPS, taxadiene, Taxol  



 

71  

  Chapter 4| Metabolic engineering of Bacillus subtilis toward taxadiene biosynthesis 

4 

Introduction 

 

Terpenoids represent the largest, structurally and functionally most varied 

group of natural products. This diversity is based on a structural complexity 

that cannot be simply reproduced using chemical synthetic processes. 

Nowadays, there are over 50,000 known terpenoids, a lot of which are 

biosynthesized by plants. Numerous terpenoids have attracted commercial 

interest for their medicinal value or use as flavors and fragrances. Among 

the most famous medicinally important terpenoids are the antimalarial 

artemisinin from the plant Artemisia annua and the anticancer paclitaxel 

(Taxol®) from the yew trees (Taxus brevifolia or Taxus baccata). The 

majority of terpenoids are naturally produced in low amounts and their 

extraction is usually labor intensive, and it entails considerable 

consumption of natural resources. For instance, the production of enough 

Taxol® to treat one cancer patient would approximately require six 100-year

-old Pacific yew trees, and similarly, there are reports of enormous 

shortfalls in artemisinin production due to seed shortage. In addition, 

chemical synthesis and modification of most terpenoids is tremendously 

difficult and problematic because of the complexity and chirality of their 

chemical structures. Hence, researchers in the last few decades focused on 

metabolic engineering of the terpenoid biosynthetic pathways in host 

microorganisms as an alternate method of production [39, 174—177]. 

 

The backbone of all terpenoids originates from 2 five-carbon precursors, 

isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate 

(DMAPP), which can be produced via the mevalonate (MVA) pathway or the 

2-C-methyl-D-erythritol-4-phosphate (MEP) pathway. The consecutive 

condensation of IPP and DMAPP catalyzed by a group of prenyl 

pyrophosphate synthase enzymes produces the starting precursors of the 

different classes of terpenoids. These are (1) geranyl pyrophosphate (GPP; 

C10) produced by geranyl pyrophosphate synthase (GPPS) for the synthesis 

of monoterpenoids, (2) farnesyl pyrophosphate (FPP; C15) produced by 

farnesyl pyrophosphate synthase (FPPS) for the construction of 
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sesquiterpenoids and triterpenoids, and (3) geranylgeranyl pyrophosphate 

(GGPP; C20) synthesized by geranylgeranyl pyrophosphate synthase (GGPPS) 

for the production of diterpenoids and tetraterpenoids. Finally, these starting 

precursors are cyclized and/or rearranged by terpene synthase enzymes to 

yield the different terpenoids [147 178, 179]. 

 

Paclitaxel (Taxol®) is a diterpenoid known for its chemotherapeutic effect and 

is found in the bark and needles of different Taxus trees. Similar to all 

terpenoids, the extraction from the natural source is problematic, thus 

various Taxus species are now endangered due to high demand. Total 

synthesis of paclitaxel has been established, but the complexity of its 

chemical structure made the process commercially inapplicable [180]. Hence, 

nowadays paclitaxel is synthesized semi synthetically from 10-

deacetylbaccatin III that is more easily extracted from Taxus needles. Also, 

docetaxel, which has been gaining more attention recently due to its higher 

water solubility leading to improved pharmacokinetic properties and better 

potency, can be synthesized from this precursor. However, this means that 

production still relies on the yew trees [88, 181, 182]. The first step in the 

production of paclitaxel is the production of the compound taxa-4,11-diene 

(Figure 1.A.). Taxadiene is produced from the cyclization of the diterpenoid 

precursor GGPP via the enzyme taxadiene synthase. The GGPP precursor can 

be synthesized via the MVA and/or the MEP pathway as previously explained. 

Taxadiene is converted to the final product, paclitaxel, through approximately 

19 enzymatic steps involving hydroxylation and other oxygenation reactions 

of the taxadiene skeleton [147, 176, 183]. 
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Figure 1. A. Biosynthesis of taxa-4,11-diene via the 2-C-methyl-D-erythritol-4-phosphate (MEP) 
pathway in Bacillus subtilis. Intermediates in the metabolic pathway: 1-deoxy-D-xylulose 5-
phosphate (DXP), 2-C-methyl-D-erythritol 4-phosphate (MEP), 4-(cytidine 5′-diphospho)-2-C-
methyl-D-erythritol (CDP-ME), 2-phospho-4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol 
(CDP-MEP), 2-C-methyl-D-erythritol 2,4-cyclodiphosphate (MEC), (E)-4-hydroxy-3-methylbut-2-
en-1-yl diphosphate (HMBPP), isopentenyl diphosphate (IPP), dimethylallyl diphosphate 
(DMAPP), geranyl pyrophosphate (GPP), farnesyl pyrophosphate (FPP), and geranylgeranyl 
pyrophosphate (GGPP). Enzymes in the biosynthesis pathway: 1-deoxy-D-xylulose-5-phosphate 
synthase (Dxs), 1-deoxy-D-xylulose-5-phosphate reductoisomerase, or 2-C-methyl-D-erythritol 
4-phosphate synthase (Dxr, IspC), 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase 
(IspD), 4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol kinase (IspE), 2-C-methyl-D-erythritol 
2,4-cyclodiphosphate synthase (IspF), (E)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase 
(IspG), 4-hydroxy-3-methylbut-2-enyl diphosphate reductase (IspH), isopentenyldiphosphate 
delta-isomerase (Idi), IspA which act as geranyl pyrophosphate synthase (GPPS) and farnesyl 
pyrophosphate synthase (FPPS), geranylgeranyl pyrophosphate synthase (GGPPS), and 
taxadiene synthase (TXS). B. Plasmid constructs used for engineering B. subtilis. pDR_txs 
contains txs gene (red), preceded with B. subtilis mntA ribosomal binding site (dark red), to be 
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inserted into the genome of B. subtilis between the amyE front flanking region and amyE back 
flanking region (purple), IPTG inducible hyperspank promoter (pink), and ampicillin and 
spectinomycin resistance cassettes (green). pBS0E_crtE contains crtE gene (yellow) encoding 
for GGPPS and preceded with B. subtilis mntA ribosomal binding site (dark red), xylose 
inducible promoter (orange), and ampicillin and erythromycin resistance cassettes (green). 
p04_SDFHCEGA contains seven genes of the MEP pathway, dxs, ispD, ispF, ispH, ispC, ispE, 
and ispG, along with the gene ispA (blue), each preceded with B. subtilis mntA ribosomal 
binding site (dark red), in a synthetic operon controlled by xylose inducible promoter (orange) 
and ampicillin and chloramphenicol resistance cassettes (green). 
 

 

The first committed intermediate in biosynthesis of paclitaxel, taxadiene, has 

been produced via metabolic engineering in Escherichia coli [6, 8], 

Saccharomyces cerevisiae [100, 184] and the transgenic plant Arabidopsis 

thaliana [185]. Based on the success of taxadiene production in these 

hosts, Bacillus subtilis represents an interesting microbial host for the 

production of taxadiene where it has higher growth rate compared to S. 

cerevisiae and is mostly considered as GRAS (Generally Regarded As Safe) by 

the Food and Drug Administration unlike E. coli [5]. Also, B. subtilis possesses 

an innate MEP pathway that can be manipulated to increase the flux of 

precursors. An optimally regulated synthetic operon encompassing MEP 

pathway genes has been reported to lead to a high production of 

C30 carotenoids in B. subtilis [53]. Also, the sesquiterpenoid amorphadiene, 

which is the first precursor for the production of artemisinin, has been 

successfully produced in B. subtilis [5]. In the current study, we aim at the 

metabolic engineering of B. subtilis for the biosynthesis of taxadiene as a first 

step in the semisynthetic production of paclitaxel. For the first time, we 

describe the successful expression of the enzyme taxadiene synthase 

essential for the synthesis of taxadiene in B. subtilis. Moreover, the 

production levels of taxadiene were increased by overexpression of the MEP 

pathway, IspA, and GGPPS enzymes. The reported B. subtilis strain with the 

highest level of production of taxadiene can strive to exceed yeast and E. coli, 

besides having the additional advantages provided from the use of B. subtilis. 

This study can serve as a stepping stone for further fine tuning of the 

biosynthetic pathway of paclitaxel in B. subtilis targeted at a sustainable and 

efficient production process. 
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Materials and methods  

 

Bacterial strains, vectors and growth conditions 

Bacterial strains and expression vectors used in this research are listed 

in Table 1.  E. coli DH5α strains were cultured in Luria-Bertani broth (LB), 

while B. subtilis 168 strains were grown in 2xYT medium. When necessary, 

growth media were supplemented with antibiotics in the following 

concentrations: 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.  

 

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

 

Construction of different strains of B. subtilis 168 

Three different constructs were utilized to produce different B. subtilis strains 

expressing taxadiene synthase (TXS). The first construct consists of txs gene 

from the plant Taxus baccata in pDR111 plasmid. The txs gene was truncated 

by deleting the first 60 amino acids to remove the signal peptide targeting the 

plastid in order to improve expression and solubility of the protein [187]. 

Circular polymerase extension cloning (CPEC) [156] was used to create the 

Bacterial strain Genotype Reference   

B. subtilis 168 trpC2 [154] 
B. subtilis 168_txs 168 amyE::Phyperspank-txs; SpR This study 
E. coli DH5α F-endA1 hsdR17 (rk

-,mk
+) supE44 thi-1 

λ-recA1 gyrA96 relA1 φ80dlacZ∆M15 
Bethesda Research Lab 
1986 

Vector Pertinent properties Reference   

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

[186] 
  

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

[16] 
  

pHCMC04G 

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

xylose-inducible promoter; CmR; 

[53] 
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pDR_txs construct (Figure 1.B.) where B. subtilis mntA ribosomal binding site 

(RBS) plus spacer (AAGAGGAGGAGAAAT) were introduced before 

the txs gene along with a N-terminal 6× His-tag. Ampicillin and spectinomycin 

resistance cassettes are available for selection in E. coli and B. subtilis, 

respectively. The expression of TXS is controlled by IPTG inducible hyperspank 

promoter. The second construct consists of the crtE gene, encoding the 

GGPPS of Pantoea ananatis, together with the mntA RBS preceding the 

coding region. The gene was cloned into pBS0E plasmid containing xylose 

inducible promoter using CPEC method resulting in the construct pBS0E_crtE 

(Figure 1.B.). Finally, a construct expressing MEP pathway genes in 

pHCMC04G plasmid was used. The construct p04_SDFHCEGA (Figure 1B) 

expresses all the seven genes of the MEP 

pathway, dxs, ispD, ispF, ispH, ispC, ispE, and ispG, along with the gene ispA, 

each with its own engineered RBS, in one synthetic operon controlled by a 

xylose inducible promoter. p04_SDFHCEGA (16.4 Kb) was cloned using 

previously available constructs, p04_SDFH and p04_CEGA, by applying 

circular polymerase extension cloning (CPEC) [53, 156]. 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). 

The constructed plasmids were used to transform competent B. subtilis 168 

cells following previously published protocol [188]. Three different strains 

of B. subtilis 168 were produced by transforming different combinations of 

the constructs. 

 

Expression of taxadiene synthase in B. subtilis 168 

Overnight culture of the B. subtilis strain containing pDR_txs construct was 

grown in 2xYT medium containing spectinomycin antibiotic. The next day, the 

overnight culture was diluted to an OD600 of 0.07–0.1 in 10 ml 2xYT medium 

with spectinomycin in 100-ml Erlenmeyer flask. The culture was incubated for 

3 h at 37°C and 220 rpm till OD600 of 0.7–0.9. Then, IPTG was added to a final 

concentration of 1 mM to start induction. The culture was divided into 1 ml 

cultures in 15 ml round bottom tubes and then grown overnight at 37, 30, or 

20°C and 220 rpm. The following day, certain volumes of the cultures 
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normalized to the OD600 = 1 were pelleted by centrifugation for 10 min at 

11,000 rpm, 4°C and then resuspended in Birnboim lysis buffer (25 mM Tris-

HCl, pH 8.0, 50 mM glucose, Complete™ Protease Inhibitor Cocktail tablet 

from Sigma, and 25 mg/ml lysozyme) using an amount of 5 ml buffer per 1 g 

pellet and incubated at 37°C for 30 min. The soluble protein fractions were 

obtained by centrifugation for 15 min at 11,000 rpm. The total protein 

concentration in each soluble protein fraction was estimated using 

NanoDrop® spectrophotometer. The samples from the expression experiment 

at different temperatures were loaded with the same total protein 

concentration on NuPAGE® gels (Invitrogen) for separation by SDS-PAGE and 

then analyzed by Western blotting where mouse peroxidase-conjugated anti-

His antibody (catalog no. A7058; Sigma) was used followed by visualization 

using Amersham ECL Prime Western blotting detection reagent (catalog no. 

RPN2232; GE Healthcare). 

 

Production and extraction of taxadiene in B. subtilis 168 

All strains of B. subtilis 168 were grown with the suitable antibiotics using the 

abovementioned protocol for expression. In addition to IPTG, xylose was 

added at OD600 of 0.7–0.9 to a final concentration of 1% to start induction of 

pBS0E and pHCMC04G constructs in txs + crtE and txs + crtE + SDFHCEGA B. 

subtilis strains. After which the cultures were divided into 1 ml cultures in 

15 ml round bottom tubes and overlaid with 100 μl dodecane containing 

10 μl of 700 μM β-caryophyllene as internal standard and then grown 

overnight (24 h) at 37, 30, or 20°C with 220 rpm shaking. The dodecane layer 

was added to trap the taxadiene released by the cells. The 24-h time point 

was chosen to ensure maximum production of taxadiene [5]. The following 

day OD600 of all 1 ml cultures was measured. A comparison between 

taxadiene production at the different incubation temperatures along with the 

difference between direct extraction of taxadiene from the culture and 

extraction of taxadiene from cell lysate was performed. First, extraction 

without lysis was performed by adding 200 μl hexane to the 1 ml cultures 

overlaid with dodecane (1:3 dilution of dodecane), and then the cultures 

were centrifuged for 10 min at 11,000 rpm to separate the aqueous and 

organic phases. The dodecane-hexane layer was extracted for GC-MS 
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analysis. Secondly, lysis followed by extraction was performed by addition of 

100 μl lysis buffer (50 mM Tris-HCl, pH 8.0, 70 mM NaCl, 10 mM MgCl2, 

25 mg/ml lysozyme, and 0.1 mg/ml Dnase) to the 1 ml cultures overlaid with 

dodecane and incubation at 37°C for 30 min. Then, 200 μl 12% SDS (sodium 

dodecyl sulfate) was added. Finally, 200 μl hexane was mixed (1:3 dilution of 

dodecane), and the cultures were centrifuged for 10 min at 11,000 rpm. The 

dodecane-hexane layer was extracted for GC-MS analysis and comparison to 

the extract without lysis. All cultures and extractions were performed in 

triplicates. 

 

Quantification of the sampled taxadiene 

The dodecane-hexane samples were analyzed on an HP-5MS (5% Phenyl)-

methylpolysiloxane column (Agilent J&W 0.25 mm inner diameter, 0.25 μm 

thickness, 30 m length) in a Shimadzu GCMS-QP5000 system equipped with a 

17A gas chromatograph (GC) and AOC-20i autoinjector. The samples (2 μl) 

were injected splitless onto the GC column, and helium was used as the 

carrier gas. The injector temperature was 250°C, and the oven initial 

temperature was 100°C with an increase of 15°C per minute up to 130°C and 

then 5°C per minute till 210°C. After 210°C was reached, the temperature was 

raised to 280°C with an increase of 35°C per minute and held for 2 min. The 

solvent cutoff was 8 min. The MS instrument was set to selected ion mode 

(SIM) for acquisition, monitoring m/z ion 122 for taxadiene and β-

caryophyllene. The chromatographic peak areas for taxadiene and β-

caryophyllene were determined using the integration tools in GCMSsolution 

1.20 software (Shimadzu, Den Bosch, The Netherlands). A calibration curve of 

standard β-caryophyllene with concentration range of 0.5–28 mg/L was 

created based on chromatographic peak areas in SIM mode (m/z ion 122). For 

quantification of taxadiene, the peak area for each sample was corrected by 

using the peak corresponding to the internal standard β-caryophyllene (i.e., 

by multiplication of the taxadiene peak area for the sample by the peak area 

of reference β-caryophyllene, then division by the β-caryophyllene peak area 

of the sample). This correction is to avoid errors due to injection or loss 

during extraction. The taxadiene concentration in the diluted dodecane 

sample was calculated by applying the linear regression equation resulting 
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from the calibration curve to each adjusted taxadiene peak area. Finally, the 

dilution factor was applied to calculate the concentration of taxadiene in the 

neat dodecane phase, and then this value was divided by 10 to determine the 

amount of taxadiene produced per liter of culture as the dodecane layer 

constitutes a second phase (10%) in the culture. The taxadiene concentration 

obtained for each sample was divided by the OD600 of the corresponding 

culture to calculate the specific taxadiene production value (mg/L/OD600) β-

caryophyllene equivalent [189]. 

 

Analysis of segregational stability of the constructs in txs + crtE + 

SDFHCEGA B. subtilis strain 

Segregational stability was measured by evaluating the growth of B. 

subtilis 168 strain harboring the pDR_txs, pBS0E_crtE, and p04_SDFHCEGA 

constructs in 2xYT medium without antibiotics for 30 generations involving 

several subcultures by adapting a previously reported protocol [152]. The 

cells of B. subtilis 168 were first grown in 2 ml 2xYT broth containing 10 μg/ml 

spectinomycin, 10 μg/ml erythromycin, and 5 μg/ml chloramphenicol to 

select the different constructs, respectively. The overnight cultures were 

inoculated into 2 ml fresh 2xYT broth without antibiotics and incubated at 37°

C for 24 h, attaining full growth. The cultures were diluted 1:1,000 by fresh 

2xYT broth without antibiotics and further incubated for 24 h where they 

were grown for the first 3 h at 37°C and then the temperature was reduced to 

20°C to resemble the best conditions used for expression and production of 

taxadiene (growth of 1:1,000 dilution accounts for about 10 generations of 

cultivation, 210 = 1,024). These cultures were diluted 106 fold and plated onto 

2xYT agar plates without antibiotics. Next day, 100 colonies were picked and 

transferred onto four different 2xYT agar plates supplemented with 10 μg/ml 

spectinomycin, 10 μg/ml erythromycin, 5 μg/ml chloramphenicol, or a 

combination of the three antibiotics. This treatment was successively 

repeated three times to obtain 30 generations of cultivation. The presence of 

the constructs was confirmed by the growth of the colonies on the antibiotic 

plates corresponding to the antibiotic resistance gene in each plasmid, thus 

indicating that the plasmid hosted by the colonies is segregationally stable. 
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The whole experiment from beginning to end was performed in duplicate. 

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 2xYT plate with antibiotic/colonies on 2xYT plate without 

antibiotic * 100%]. 

 

Nucleotide sequence accession number 

The nucleotide sequence of the taxadiene synthase gene from the plant T. 

baccata was previously reported with the accession number: AY424738. The 

nucleotide sequence of the complete genome of P. ananatis was previously 

reported with the accession number: FUXY01000004. The crtE gene encoding 

the GGPPS enzyme was amplified from genomic DNA of P. ananatis, and the 

protein was assigned the accession number: SKA77365. The nucleotide 

sequence of the complete genome of B. subtilis 168 was previously reported 

with the following accession numbers: AL009126 and NC000964. The MEP 

pathway genes used in this study were amplified from the genomic DNA of B. 

subtilis 168. 

 

Results 

 

Construction of different strains of B. subtilis 168 expressing taxadiene 

synthase 

The first construct to be cloned was pDR_txs where the taxadiene synthase 

gene was cloned into pDR111 plasmid and then transformed into B. subtilis. 

This construct is designed to integrate the plant txs gene from T. baccata into 

the genome of B. subtilis where it is inserted into the amyE locus between 

the amyE front flanking region and amyE back flanking region [186]. 

The txs gene expresses the enzyme taxadiene synthase, which is responsible 

for converting GGPP into taxa-4,11-diene. The expression of TXS from this 

construct is controlled by an engineered B. subtilis mntA ribosomal binding 

site and the strong IPTG inducible hyperspank promoter. The second 

construct produced was pBS0E_crtE, which is resulting from cloning 

the crtE gene from P. ananatis that encodes the GGPPS enzyme into pBS0E 
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replicative plasmid. The GGPPS enzyme is responsible for the production of 

GGPP, which is the precursor of taxadiene. The pBS0E_crtE construct was 

transformed into B. subtilis strain containing pDR111_txs generating the 

txs + crtE strain. Finally, the construct overexpressing all genes of the MEP 

pathway along with ispA in one operon controlled by a xylose inducible 

promoter (p04_SDFHCEGA) was transformed into the txs + crtE strain 

generating the txs + crtE + SDFHCEGA B. subtilis strain. The aim was to 

increase the production of the precursors leading to the formation of 

taxadiene. All produced strains are listed in Table 2. The successful 

transformation of the constructs into the different B. subtilis strains was 

confirmed by colony PCR. 

 

Table 2. Bacillus subtilis 168 strains generated in this study. 

 

 

Expression of taxadiene synthase in B. subtilis 168 

The taxadiene gene used is the natural gene from the plant T. baccata and 

was combined with the B. subtilis mntA RBS and a N-terminal 6× His-tag. 

pDR111 plasmid was chosen to integrate the txs gene into the genome of B. 

subtilis. The cell culture was lysed, and in the soluble protein fraction, the 

expression of TXS (approximately 89 kDa) has been clearly detected on 

Western blot by using specific antibodies against the His-tag as shown in 

Figure 2. Different growth temperatures (37, 30 and 20°C) were tried to 

determine the best temperature for the expression of TXS using the pDR_txs 

construct following induction by IPTG. Since the samples from expression at 

Strain Constructs Vectors Genes in the operon 

txs pDR_txs pDR111 txs 

txs + crtE pDR_txs 
pBS0E_crtE 

pDR111 
pBS0E 

txs 
crtE 

txs + crtE + SDFHCEGA pDR_txs 
pBS0E_crtE 
p04_SDFHCEGA 

pDR111 
pBS0E 
pHCMC04G 

txs 
crtE 
dxs + ispD + ispH + ispF + 
ispC + ispE + ispG + ispA 
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different temperatures were loaded with the same total protein 

concentration on SDS-PAGE gel, a comparison of the TXS band can determine 

the temperature resulting in the best expression. A clear band representing 

TXS was seen on Western blot (Figure 2) following expression at 20°C, while a 

very faint band was the result of expression at 30°C and no TXS band was 

visible after expression at 37°C. Hence, the temperature that showed best 

TXS expression upon induction was 20°C. This will later be corroborated by 

the level of taxadiene production after incubation at the different 

temperatures. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Western blot of the soluble protein fraction showing taxadiene synthase expressed 
in Bacillus subtilis 168 after integration into the chromosome using pDR111 plasmid. The lanes 
show TXS bands (~89 kDa) resulting from expression at different temperatures as follows: 20, 
30, and 37°C. The enzyme was visualized by using specific antibodies against the His-tag. 
 
 

Level of production of taxadiene in different strains of B. subtilis 168 

The OD600 of the B. subtilis strains ranged from 7 to 9. The produced 

taxadiene was detected using GC-MS. The GC-MS chromatograms of the 

different B. subtilis strains showed the internal standard β-caryophyllene 

peak at retention time 9.25 min. and the taxadiene peak at retention time 

20.05 min (Figure 3.A.). The SIM mode was used to monitor m/z ion 122 in 

the mass spectrum of both β-caryophyllene (Figure 3.B.) and taxadiene 

(Figure 3C). The peak areas were calculated and used to determine the 

concentration of produced taxadiene. The total amount of taxa-4,11-diene 

(mg/L/OD600) produced in the B. subtilis strains at the different incubation 
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temperatures was compared (Figure 4). The highest level of taxadiene 

production was observed after incubation at 20°C, which coincides with the 

best expression of TXS. After that, the effect of extraction of taxadiene with 

and without cell lysis was also compared in the different strains when 

incubated at 20°C (Figure 5). The txs strain, which only contains the pDR_txs 

construct, relies on the innate MEP pathway, IspA (acting as GPPS and FPPS), 

and GGPPS for the production of taxadiene in B. subtilis. It showed the lowest 

production of taxadiene (0.024 mg/L/OD600) and was used as a control to 

compare the effect of overexpression of other genes on the production level. 

Introduction of crtE gene, encoding GGPPS enzyme, in the txs + crtE strain 

significantly increased the amount of taxadiene produced (0.471 mg/L/

OD600), which is around 20 times higher than the control strain. This is 

probably due to the increased production of the precursor GGPP. Finally, 

combining the txs + crtE strain with overexpression of the MEP pathway 

genes and the ispA gene showed much higher amounts of taxadiene with the 

strain expressing all the genes showing the highest production levels 

(1.981 mg/L/OD600), which is approximately 83 times higher than the control 

strain. In addition, cell lysis before extraction did not show significant 

increase in the production levels compared to extraction without lysis (Figure 

5). This indicates that taxadiene is released from the cells into the dodecane 

layer during growth. In fact, the omission of a cell lysis treatment resulted in a 

reduced contamination of the taxadiene due to the lysis buffer and SDS used. 

Actually, the non-lysed fermentation broth showed a thick cell pellet that 

could be removed easily by centrifugation, whereas the lysed broth showed a 

completely clear solution. Also, the chromatogram of the lysed culture 

showed extra peaks especially due to SDS. The addition of SDS was necessary 

for complete lysis, which could not be achieved with lysozyme alone. It is 

important to note that through following OD600 of the engineered strains 

compared to wild-type B. subtilis, it was clear that the engineered strains 

have slower growth rate especially at the best expression temperature which 

is 20°C. However, after the 24 h growth, both the engineered strains and wild 

type reached the same OD600. 
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Figure 3. A. GC chromatograms of the different strains of Bacillus subtilis in selected 
ion mode (SIM) for acquisition, monitoring m/z ion 122 to show the internal 
standard β-caryophyllene and the produced taxadiene peaks. B. Mass spectrum of β-
caryophyllene. (C) Mass spectrum of taxa-4,11-diene.  
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Figure 4. Amount of taxa-4,11-diene (mg/L/OD600) β-caryophyllene equivalent 
produced by the strains of Bacillus subtilis after incubation at 37, 30, or 20°C. The 
extraction of taxadiene was carried out without lysis of the cultures. The experiment 
was performed in triplicates.  
 

Figure 5. Amount of taxa-4,11-diene (mg/L/OD600) β-caryophyllene equivalent 
produced by the different strains of Bacillus subtilis after incubation at 20°C. A 
comparison of the amounts produced by extraction of taxadiene with and without 
lysis of the cultures is presented. The experiment was performed in triplicates. 
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Segregational stability of the constructs in txs + crtE + SDFHCEGA B. 

subtilis strain 

A bacterial strain is considered segregationally stable when all daughter cells 

get at least one plasmid during cell division. The development of plasmid-free 

cells can lead to a significant loss in productivity. The segregational stability of 

the pDR_txs, pBS0E_crtE, and p04_SDFHECEGA constructs in the txs + crtE + 

SDFHCEGA B. subtilis strain was evaluated. The strain showed 100% ability to 

retain the pDR_txs and pBS0E_crtE constructs until the 30th generation along 

with 90% ability to retain the p04_SDFHECEGA construct (Figure 6) in the 

absence of antibiotics. Thus, this stability should be sufficient for large-scale 

fermentations in the absence of antibiotics. 

 

Figure 6. Segregational stability of pDR_txs, pBS0E_crtE, and p04_SDFHCEGA 
constructs in txs + crtE + SDFHCEGA Bacillus subtilis 168 strain. The stability is 
represented as the % of colonies retaining the plasmid constructs formed on the 
spectinomycin, erythromycin, or chloramphenicol-containing analytical plates, 
respectively, after successive subculturing in the absence of antibiotics (30 
generations). The experiment was performed in duplicate. 
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Discussion 

 

In the past few decades, researchers focused on the use of metabolic 

engineering and synthetic biology to manipulate a variety of hosts for 

biosynthesis of numerous terpenoids. Biosynthetic pathways of terpenoids 

have been studied, and the majority of the genes involved have been 

identified [190—193]. Among these terpenoids is the chemotherapeutic 

paclitaxel. This study focused on the engineering of B. subtilis for the 

production of the first committed intermediate, taxa-4,11-diene, in the 

biosynthesis of paclitaxel. The biosynthesis of taxadiene in B. subtilis (Figure 

1.A.) proceeds via the MEP pathway to produce IPP and DMAPP that would 

eventually be converted to the precursor GGPP. The enzyme taxadiene 

synthase cyclizes GGPP to produce taxa-4,11-diene [10]. Hence, the 

expression of the enzyme taxadiene synthase in B. subtilis is a prerequisite for 

the production of taxadiene. Moreover, tuning of the MEP pathway in B. 

subtilis has been previously explored [53, 148] and can serve as a basis for 

improved production of taxadiene. 

 

As a first step for the production of taxadiene in B. subtilis, the enzyme 

taxadiene synthase needs to be expressed. The gene encoding taxadiene 

synthase was amplified from the genome of the plant T. baccata that 

produces a protein of 862 amino acids. It has been reported that a 

pseudomature form of TXS where 60 amino acids were removed from the 

preprotein was superior in terms of level of expression, solubility, stability, 

and catalytic activity with kinetics analogous to that of the native enzyme 

[187]. Hence, a truncated TXS protein eliminating the first 60 amino acids 

(plastid targeting sequence) was expressed in B. subtilis. For successful 

expression in B. subtilis, the txs gene along with the B. subtilis mntA RBS and N

-terminal 6× His-tag was integrated into the chromosome using the pDR111 

plasmid. The areas of the amyE gene flanking the txs gene in pDR111 allowed 

integration at the amyE locus in the B. subtilis chromosome. Following 

induction by IPTG at 20°C, a soluble TXS protein (~89 kDa) was expressed in B. 

subtilis and detected by Western blotting (Figure 2). The incubation at 20°C 

provided the best condition for expression of TXS as opposed to incubation at 
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30 or 37°C. The amount of taxadiene produced in this txs strain was very low, 

around 0.024 mg/L/OD600, indicating that further tuning of the pathway 

leading to the formation of the taxadiene precursor GGPP is essential to 

boost the taxadiene production level. 

 

In pursuance of increasing the production of taxadiene, higher levels of the 

precursor GGPP is required. In the biosynthetic pathway (Figure 1.A.), IPP and 

DMAPP are converted to GPP with the enzyme GPPS, and then GPP is 

elongated to FPP using the enzyme FPPS, both encoded by the gene ispA. 

Finally, GGPPS enzyme produces GGPP from FPP. Studies on prenyl synthases 

of B. subtilis from the gene or protein perspective are still limited. B. subtilis is 

known for producing FPP, the precursor for sesquiterpenes, and triterpenes, 

through its ispA encoded GPPS and FPPS [51, 153, 154, 194]. The bacterium is 

also known to produce heptaprenyl (C35 terpenes) metabolites 

utilizing hepT and hepS encoding heterodimeric heptaprenyl diphosphate 

synthase enzymes that are responsible for producing heptaprenyl metabolite 

precursor from FPP [26, 195]. Up until now, albeit it was reported that B. 

subtilis possesses an enzyme capable of producing GGPP from experiments 

with a semi purified protein of B. subtilis long before the genome sequence 

of B. subtilis was revealed [196, 197], the definite annotation of the gene 

encoding GGPPS is still uncertain. The gene that encodes GGPPS can be found 

in microorganisms that produce C40 carotenoids, such as lycopene, where 

GGPP precursor is needed in their biosynthesis. Examples of these 

microorganisms are the Pantoea genus with its crtE gene 

and Corynebacterium glutamicum with its crtE and idsA genes [198—

200]. CrtE of Pantoea has been widely used in metabolic engineering to 

produce high level of carotenoids and also C20 terpenoids in E. coli [201]. 

Hence, the crtE gene from P. ananatis was cloned in the pBS0E vector and 

transformed into the B. subtilis txs strain. The amount of taxadiene produced 

(Figure 5) by the txs + crtE strain (0.471 mg/L/OD600) is approximately 20 

times higher than the control txs strain (0.024 mg/L/OD600). This indicates 

that overexpression of the GGPPS enzyme is essential to increase the 

formation of GGPP precursor in B. subtilis and in turn improve the production 

level of taxadiene. 
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Finally, overexpression of the MEP pathway leads to increased production of 

IPP and DMAPP. The idi gene (the final gene in the MEP pathway encoding for 

an IPP isomerase) was not overexpressed by us due to previous indications 

that it is non-essential in B. subtilis [202]. Past research also revealed that a 

knockout of the idi gene in B. subtilis is viable and produces isoprene, which 

implies that the synthesis of the isomer DMAPP does not rely on the 

isomerase [51, 203]. Note that, toxicity associated with the accumulation of 

prenyl diphosphates in B. subtilis with improved flux of MEP pathway has 

been reported [31]. Hence, it was important to control the p04_SDFHCEGA 

construct with an inducible promoter. The B. subtilis strain expressing TXS, 

GGPPS, all the MEP pathway, and IspA (acting as GPPS and FPPS) enzymes 

proved that high supply of the GGPP precursor is essential. The txs + crtE + 

SDFHCEGA strain showed the highest level of production of taxadiene 

(1.981 mg/L/OD600), which is approximately 83 times higher than the txs 

control strain. The OD600 of this strain was approximately 9; hence, the total 

production of taxadiene is around 17.8 mg/L. This production level is higher 

than the amount reported in yeast 8.7 mg/L [100] and in E. coli 11.3 mg/L 

[204] on shake flask fermentation level. Also, the taxadiene production in B. 

subtilis is comparable to amorphadiene production that was previously 

reported in B. subtilis [5]. Moreover, our strain showed segregational stability 

of the different constructs up to the 30th generation of cultivation, which 

allow large-scale fermentations in the absence of antibiotics. 

 

It is worth mentioning that the amount of taxadiene extracted from the cell 

culture with and without lysis is nearly the same (Figure 5). This indicates that 

taxadiene is released from the cells during growth and captured by the 

dodecane layer. It is also reported that the C15 amorphadiene produced in B. 

subtilis is trapped in the dodecane layer [5] as we observed with our 

C20 taxadiene. Probably, due to their lipophilicity, they are able to permeate 

through the bacterial membrane and dissolve in the non-polar dodecane. 

However, C30 carotenoids are not exported from B. subtilis and have to be 

isolated from the cell pellet after lysis [53, 97]. Also, C35 heptaprenyl terpenes 

are produced in the spores of B. subtilis and not secreted [25]. The fact that 

taxadiene is not trapped in the cells and that lysis is not necessary, makes 
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large-scale production much simpler where the B. subtilis cell culture in 

fermenters can be overlaid with dodecane to collect the released taxadiene. 

In addition, contaminants from the lysis solution can be avoided. As for E. coli, 

lysis is more likely to be needed due to its double membrane compared to B. 

subtilis which has a single membrane. 

 

In conclusion, the successful expression of the enzyme taxadiene synthase 

in B. subtilis is reported for the first time. The expression of GGPPS in B. 

subtilis is crucial for the sufficient production of the essential precursor GGPP. 

Hence, the production level of taxadiene is boosted by overexpression of 

GGPPS enzyme along with MEP pathway and IspA (acting as GPPS and FPPS) 

enzymes. This is a proof of concept that taxadiene can be efficiently produced 

in B. subtilis and can serve as the basis for engineering B. subtilis as a cell 

factory for paclitaxel production. The txs + crtE + SDFHCEGA strain can be 

further engineered with additional enzymes (acyltransferases, cytochrome 

P450) necessary to produce 10-deacetylbaccatin III, which can be extracted 

and chemically converted to docetaxel or even paclitaxel [205]. In the future, 

efforts to improve titer such as optimization of the growth medium and/or 

deletion of competing pathways in B. subtilis that divert the flux of FPP or 

GGPP can be explored with caution to ensure avoiding pathways essential for 

the survival of the bacteria [51 94, 148]. Furthermore, process engineering to 

optimize pH, stirring, and aeration control will be required to develop the 

large-scale fed-batch fermentation system. Using the B. subtilis cell factory 

will eliminate the need to rely on the natural resources of the yew trees and 

thus avoid the endangering of the species and prevent shortfalls due to crop 

conditions. 
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Abstract 

 

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

annua, experiences unstable and insufficient supply as its production heavily 

relies on the plant source. To meet the massive demand for this compound, 

metabolic engineering of microbes has been extensively studied in the past 

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

amorphadiene, a crucial artemisinin precursor, in Bacillus subtilis. Here, 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-phosphate (MEP) pathway genes was established. 

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

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

supply sufficient substrate for ADS. The consecutive combination of 

abovementioned features yielded a B. subtilis strain expressing 

chromosomally integrated GFP-ADS followed by FPPS and plasmid encoded 

synthetic operon showing a stepwise increased production of amorphadiene. 

Finally, 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 2-

fold higher than production in Escherichia coli or Saccharomyces cerevisiae 

on shake flask fermentation level. 

 

Keywords: artemisinin; amorphadiene; Bacillus subtilis; MEP pathway; 

response surface method 
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Introduction 

 

Terpenoids are considered, functionally and structurally, the largest and 

most diverse group among natural products. 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). In eukaryotes, these C5 precursors 

are mainly produced via the mevalonate (MVA) pathway, and in 

prokaryotes, 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 famous for their nutritional or medicinal 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 terpenoid 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 [4–6, 39, 147, 175–179, 206].  

 

Since 2002, WHO has recommended artemisinin-based combination 

therapy (ACT) as the first line for the treatment of uncomplicated 

Plasmodium falciparum malarial infection [207]. The demand for ACTs since 

then has kept increasing and it is predicted to reach 800 million ACT 

packages by 2021 [208]. Relying on the plant source for commercially 

producing artemisinin has usually led to fluctuation in price and shortfalls in 

production. 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 
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artemisinin, up to 25 g/L in a mixed feed two phase fermentation [149]. 

 

With its generally regarded as safe (GRAS) status and fast growth rate, 

Bacillus subtilis might be a better choice to similarly produce semi-synthetic 

artemisinin. Recently, B. 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 was reported that C30 

carotenoids were successfully produced in B. subtilis by expression of 

Staphylococcus crtM and crtN genes. The production of these carotenoids was 

further boosted by overexpression of different MEP pathway enzymes [53, 

148]. Moreover, co-expression of a synthetic operon of MEP pathway with 

taxadiene synthase was capable to increase the production level of taxadiene 

as paclitaxel (Taxol®) precursor up to 17.8 mg/L [99].  

 

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 production is the high-level expression of plant 

derived 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 suggested to improve solubility, folding and overall 

expression of heterologous proteins in B. subtilis  [186, 209–211] . Green 

fluorescent protein (GFP), as a fusion protein partner, has  become well 

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

intensity of fluorescence either at the planktonic or biofilm culture of B. 

subtilis [186]. 

 

In this paper, we initially focus on improving the functional expression of ADS 

in B. subtilis as compared to previous reports by fusion of ADS with GFP. In 

addition to comparing the expression level of ADS and GFPADS fusion, 
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plasmid-based and chromosome integrated gene expression were also 

evaluated. The amount of amorphadiene produced by the different strains 

was compared and improved by combining with a synthetic operon 

overexpressing all of the MEP pathway enzymes and farnesyl pyrophosphate 

synthase (FPPS) to optimize the flux via the metabolic pathway. Finally, to 

ensure the highest production, factors that affect 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. 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) 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, 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. 

 

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) [156]. 

The gfp gene was codon optimized for Streptococcus pneumonia. fpps gene 

from Saccharomyces cerevisiae (responsible for expression of farnesyl 

pyrophosphate synthase) was inserted downstream of the gfp-ads gene into 

both plasmids by using CPEC protocol. Plasmids were transferred into B. 

subtilis by Anagnostopoulos protocol [14]. Prior to transformation, pDR111 

plasmid required linearization at StuI restriction site. To overexpress the MEP 

pathway, three constructs of pHCMC04G plasmids containing partial and 
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whole MEP pathway genes; namely SDFH harboring dxs, ispD, ispF and ispH, 

CEGA harboring ispC, ispE, ispG and ispA, and SDFHCEGA carrying all eight 

genes, were co-transformed to the B. subtilis strains harboring ads or gfp-ads 

genes. At the end, twelve strains of B. subtilis 168 were produced by 

transforming different combinations of the constructs (Table 2). 

 

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

 

 

Bacterial strain Genotype References 

B. subtilis 168 trpC2 [153, 154] 

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 φ80dlacZ∆M15 

Bethesda Research 
Lab 1986 

Plasmid Pertinent properties Reference 

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

[186] 

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

[16] 

pHCMC04G 
  

B. subtilis and E. coli shuttle vector; ori
-pBR322; ori-pBS72 (theta replica-
tion); PxylA xylose-inducible promoter; 
CmR; AmpR 

[53] 
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Strains* Vector Genes 

pA pBS0E ads 

pGA pBS0E gfp-ads 

pGA/CEGA pBS0E 
pHCMC04G 

gfp-ads 
ispC+ispE+ispG+ispA 

pGA/SDFH pBS0E 
pHCMC04G 

gfp-ads 
dxs+ispD+ispF+ispH 

pGA/SDFHCEGA pBS0E 
pHCMC04G 

gfp-ads 
dxs+ispD+ispF+ispH+ispC+ispE+ispG+ispA 

pGAF/SDFHCEGA pBS0E 
pHCMC04G 

gfp-ads+fpps 
dxs+ispD+ispF+ispH+ispC+ispE+ispG+ispA 

cA pDR111 ads in chromosome 

cGA pDR111 gfp-ads in chromosome 

cGA/CEGA pDR111 
pHCMC04G 

gfp-ads in chromosome 
ispC+ispE+ispG+ispA 

cGA/SDFH pDR111 
pHCMC04G 

gfp-ads in chromosome 
dxs+ispD+ispF+ispH 

cGA/ SDFHCEGA pDR111 
pHCMC04G 

gfp-ads in chromosome 
dxs+ispD+ispF+ispH+ispC+ispE+ispG+ispA 

cGAF/ SDFHCEGA pDR111 
pHCMC04G 

gfp-ads+fpps in chromosome 
dxs+ispD+ispF+ispH+ispC+ispE+ispG+ispA 

Table 2. Strains constructed in this study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

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

integrated into the chromosome of B. subtilis 

 

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) and OD600 of around 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 

(containing 56 mg/L β-caryophyllene as internal standard) was added to the 

cultures for trapping the produced amorphadiene. After induction, the 
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cultures were grown for 24 or 48 hr 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 

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 Cocktail tablet from Sigma (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  

Total RNA was isolated from each of the strains after 5 hr incubation 

following induction using Maxwell 16 LEV simply RNA purification kit 

(Promega). The isolated total RNA was directly processed through reverse 

transcription reaction facilitated by random primer to produce cDNA. Then, 

real-time quantitative PCR with SYBR Green was conducted to measure the 

transcript level. The absolute quantitative method was applied to analyze 

transcription level of ads and MEP pathway genes, which was expressed as 

logarithmic of absolute copy number per unit input total cDNA (10 ng) (full 

details are available in the Supporting Information). 

 

Western Blot analysis  

Cells were pelleted from the cultures after 24 hr 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 (1 tablet per 50 mL), 0.25 mg/mL lysozyme, 20 mM MgCl2, 

DNAse 0.01%; and incubated for 30 minutes at 37°C. The protein 

concentration was measured by Bradford assay and 40 mg of protein lysate 

samples were loaded onto SDS PAGE gel. The protein was transferred on 
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PVDF membrane. For detection of ADS, a 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 

Bioscience.  

 

GC-MS analysis of amorphadiene 

Amorphadiene measurement was conducted according to [189]. 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-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 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. 

Afterward, temperature was increased to 280°C at a rate of 20 °C/min, and 

held for 10 minutes. MS detector was set to selected ion mode (SIM) 

monitoring m/z ion 189. Concentration of amorphadiene was calculated from 

β-caryophyllene standard curve and expressed as β-caryophyllene equivalent 

[99]. 

 

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 

absence of antibiotic for 40 generations. Segregational stability depends on 

the number of colonies out of a hundred that survived 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 Supporting Information) 

[98, 99, 152].  
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Medium optimization experimental design and statistical analysis 

 Medium optimization experiment was comprised of primary screening of 

medium elements, path of the steepest ascent, and central composite 

designs and response surface method. Several elements including carbon 

source (glycerol), substrate of MEP pathway (pyruvate), 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 path of 

the steepest ascent experiment. At the end, response surface method based 

on central composite designs (CCD) was performed to model and visualize the 

optimum condition (full details are available in the Supporting Information). 

 

Nucleotide sequence accession number 

The nucleotide sequence of the amorphadiene synthase gene from the plant 

A. annua was previously reported with the accession number: AY006482. The 

nucleotide sequence of the green fluorescent protein gene was optimized 

according to codon usage of S. pneumonia, as previously reported with the 

accession number: KF410616. The farnesyl pyrophosphate synthase gene was 

amplified from genomic DNA of S. cerevisiae with the gene ID: 853272. The 

nucleotide sequence of the complete genome of B. subtilis 168 was 

previously reported with the following accession numbers: AL009126 and 

NC_000964. The MEP pathway genes used in this study were amplified from 

the genomic DNA of B. subtilis 168.  

 

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 (Figure 1.A.).  The transcription of 

ads was not significantly altered by constructing the gfp-ads fusion. For the 
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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 use of 

primers specific for each MEP pathway gene separately was avoided as the 

presence of a copy of each of the MEP pathway genes in the B. subtilis 

genome would not allow differentiation between the transcription of the 

chromosomal and plasmid genes. The analysis validated the transcription of 

MEP pathway genes in all strains constructed (Figure 1B.). 

 

Figure 1. Expression level of ads and MEP pathway genes in B. subtilis strains. ads expression 
A. and MEP pathway 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 
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. 

 

Improved expression of ADS by creating a GFP-ADS fusion  

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

biosynthetic pathway of artemisinin [212]. 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 [5, 213]. In this study, the green fluorescent protein, 

codon optimized for S. pneumoniae, was employed as the fusion partner at 

A B 
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the N-terminus of ADS to increase the efficiency of translation. The choice of 

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

exhibited better expression in B. subtilis compared to the GFP codon 

optimized for B. subtilis [186]. The GFP-ADS fusion protein was considerably 

more abundant 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 (Figure 2). In line with the hypothesis that more ADS 

would increase amorphadiene production, yield of amorphadiene (0.78 mg/L/

OD) in strains expressing GFP-ADS fusion increased by 2-folds over strains 

containing ADS alone (0.35 mg/L/OD) (Figure 2). These outcomes 

demonstrated the ability of GFP to improve expression of ADS and the effect 

of an increased enzyme level on improving the production of amorphadiene.  

Figure 2. Comparison of ADS expression and amorphadiene production in ADS and GFPADS 
fusion constructs. Western blot bands above the graph represent 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 of a 
24 hr culture. Amorphadiene was collected from 48 hr culture in 1 ml 2YT and the 
concentration of amorphadiene was normalized by OD600. The B. subtilis expressing GFPADS 
fusion produced more amorphadiene than that expressing ADS alone. The presented data are 
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average of three replicates, and standard errors were plotted on the graph. Detailed 
explanation of strain names used can be found in Table 2.  

 

Overexpression of all MEP pathway genes along with ispA increased 

amorphadiene production  

As the expression of ADS was significantly improved, 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. Thus, it can be concluded that increasing the supply of the C5 

building blocks will be able to elicit an enhancement in terpenoid production. 

Our previous study demonstrated that pHCMC04G, a theta replication 

plasmid, containing MEP pathway genes significantly boosted production of 

heterologous terpenoids (C30 carotenoids and taxadiene) in B. subtilis [4, 

200]. Now, we have combined the plasmid encoding the MEP operon 

(SDFHCEGA); carrying the genes dxs, ispD, ispF, ispH, ispC, ispE, ispG and ispA, 

with the chromosomally encoded ADS constructs. Amorphadiene production 

was remarkably increased by approximately 4-fold in cGA/SDFHCEGA (2.74 

mg/L/OD or 35.25 mg/L) as compared to cGA (Figure 3), and increased 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 than that yielded with the chromosomally integrated ads (Figure 3).  
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Figure 3. A. Levels of amorphadiene produced in engineered B. subtilis strains with plasmid 
encoded or chromosomally integrated ADS. B. subtilis strains harboring gfp-ads fusion or 
gfpads-fpps operon with or without co-expression of MEP pathway genes were cultured in 1 ml 
2YT for 48 hr, 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 SDFHCEGA 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. ** indicated 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 B. subtilis chromosome 

A 

B 
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at 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. 
 

Additional expression of FPPS further enhanced 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 [120]. Based on our 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 (Supporting 

Information Figure S1). Therefore, the fpps gene from S. cerevisiae was 

cloned behind 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 (Figure 3) 

compared to strains 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. Loss in productivity occurs as 

plasmid free cells are developed. The segregational stability of the cGAF and 

SDFHECEGA constructs in the cGAF/SDFHCEGA B. subtilis strain was 

evaluated. In absence of antibiotics, the strain showed 100 % ability to retain 

the cGAF construct until the 40th generation along with 90 % ability to retain 

the SDFHECEGA construct (Figure 4). This stability should be adequate for 

large scale fermentations in absence of antibiotics. 
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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 production.  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+ (divalent ions), which might affect 

amorphadiene production were investigated 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 Supporting Information Table S4. Statistical 

analysis identified pyruvate, K2HPO4 and Mg2+ as the most significant factors 

for amorphadiene productivity. Pyruvate and K2HPO4 exhibited positive 

effect, whereas Mg2+ showed a negative influence. Therefore, they were 

selected for further optimization.  

Figure 4. Segregational stability of cGAF and SDFHCEGA constructs in cGAF/SDFHCEGA B. 
subtilis 168 strain. The stability is represented as the % of colonies retaining the plasmid con-
structs formed on the spectinomycin or chloramphenicol-containing analytical plates, respec-
tively, after successive subculturing in the absence of antibiotics (40 generations). The experi-
ment was performed in duplicate.  
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The path of steepest ascent experiment was applied leading to a maximum 

production of amorphadiene when the medium was supplemented 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 to gain a better visualized 

understanding of the effects of pyruvate and K2HPO4 variables on the 

production (Figure 5). 

 

The response surface method model predicted that the maximum yield of 

amorphadiene will be 245 mg/L, when 1.85 % pyruvate and 4.85 % K2HPO4 

are used. To verify the prediction, cGAF/SDFHCEGA was cultured in optimized 

medium (designated OPT). The experimental yield of amorphadiene was 258 

Figure 5. 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 amor-
phadiene (mg/L) is marked on the top of the graph. 
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± 6 mg/L which is nearly the same as the predicted value 245 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). 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 (Figure 6. A). 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 hours upon using medium 2YT. In OPT both of them 

kept increasing and achieved the highest level at around 48 hr (Figure 6. B.).  

Figure 6. Amorphadiene yield in commonly used medium and optimized medium (OPT). A. 
Amorphadiene produced in different media. B. subtilis strain cGAF/SDFHCEGA was cultured in 

A 

B 
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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 (Figure 7), which is the 

highest production of amorphadiene in B. subtilis reported hitherto.  

 

1 ml of the four commonly used media and OPT, the yield of amorphadiene after 24 and 48 hr 
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 

Figure 7. Intracellular and extracellular amorphadiene produced in 1 or 10 ml cultures of 
cGAF/SDFHCEGA B. subtilis strain. Both intracellular and extracellular 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 hr of culture. Error bars indicate standard deviations of total 
amorphadiene (n=3).  
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Discussion  

 

Amorphadiene is the first committed sesquiterpene precursor in the 

biosynthesis of artemisinin. With the high demand of artemisinin, the need 

for a sustainable method of production is a pressing issue. E. coli and S. 

cerevisiae have been researched and engineered to produce high levels of 

artemisinin precursors, particularly artemisinic acid and amorphadiene. 

Meanwhile, similar research on metabolic engineering of B. subtilis for 

production of amorphadiene has been lagging behind despite its high intrinsic 

capability to produce terpenoids. Zhou et al. 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 [5]. However, the final 

amorphadiene production level achieved was only around 20 mg/L, much less 

than amorphadiene produced by E. coli and S. cerevisiae. Hence, there is still 

room for improvement when it comes to production of amorphadiene in B. 

subtilis. 

 

In this study, optimization steps encompassing enzyme modification, 

enhanced precursor supply and medium optimization have been explored. 

These optimizations resulted in an 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, and more than 2-fold higher than 

production in bench scale cultured E. coli and S. cerevisiae [214, 215].  

 

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

poor expression of ADS [5]. 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 [5]. 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 of increasing solubility and overall expression of 

proteins [216]. In addition, GFP fluorescent intensity could be used as a 

reporter for the expression of ADS. As can be seen from Figure 2, the signal of 

GFPADS on the western blot was considerably improved relative to ADS, and 
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amorphadiene production achieved was 2-fold higher than that previously 

reported in B. subtilis expressing ADS fused with a six-arginine tag [5]. This 

improvement might be attributed 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 

designed anti-ADS antibody is beneficial for detection of ADS allowing for 

more accurate detection including the degradation product of the protein. 

 

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 [4, 6, 53, 217]. 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 [53, 99]. To co-express GFP-ADS 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 different origin of replication and antibiotic resistance cassettes 

compared to pHCMC04G. The second is pDR111 integrative plasmid for 

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

that provides higher stability compared to replicating plasmids [16, 106, 186, 

218]. As a result, when co-expressed with pHCMC04G constructs of the MEP 

pathway, the B. subtilis strains with gfp-ads integrated in the genome 

manifested higher amounts of amorphadiene than the strains with replicative 

pBS0E (Figure 3). Combination of a replicative plasmid with an integrative 

plasmid possessing a strong promoter is better than the combination of two 

replicative plasmids [112]. Hence, the overexpression of four MEP pathway 

genes showed a certain degree of increase in amorphadiene where the cGA/
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CEGA strain produced 0.84 mg/L/OD600 and cGA/SDFH strain produced 1.36 

mg/L/OD600. The B. subtilis strain expressing all the seven MEP pathway genes 

and ispA along with gfpads integrated in the chromosome 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, 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 [219, 220]. As illustrated in Figure 3, the production of 

amorphadiene in strain cGAF/SDFHCEGA, which expressed FPPS and GFP-ADS 

fusion along with all the all the seven 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 GFPADS 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 precursor FPP. 

Additionally, this strain showed sufficient segregational stability of the 

different constructs up to the generation of cultivation to allow future large 

scale fermentation in absence of antibiotics. 

 

As 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 the Design of Experiment 

(DoE) method [221]. 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 variables for many practices 

in biotechnology such as enzyme production [222] and production of 

promising medical compounds in microorganisms [5, 223]. 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 [5, 214, 217]. It 

served in the culture not only as a buffer but also as an ionic agent and source 
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for phosphorus. 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 [217], 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) using the 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 [224, 

225]. In E. coli, amorphadiene production was improved by efflux transporter 

engineering [225, 226], 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 [227]. Therefore, further 

improvement of amorphadiene production might be attained by enhancing 

its export from the cell. 

 

Conclusion 

 

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 ± 15 mg/L in 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 
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of aerobic cultures, from shake flasks to batch fermentors [157]. 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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Supplementary Information 
 

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 A. annua. The ads gene was cloned into pBS0E plasmid via XbaI and 

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

extension cloning (CPEC) protocol [156] was used to insert ads into plasmid 

pDR111. The second operon, gfp-ads was constructed for expression of GFP-

ADS fusion. The gfp gene optimized according to codon usage of 

Streptococcus pneumoniae [130] was amplified from pDR111-gfp(sp) 

plasmid (from Jan Willem Veening) and fused to N-terminus of ADS by CPEC 

protocol. Finally, operon gfap-ads + fpps was constructed by cloning 

farnesyl pyrophosphate synthase (fpps) gene from Saccharomyces 

cerevisiae and inserted into the operon of the gfp-ads constructs using CPEC 

method. All these cloning steps were performed in E. coli DH5α and 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 [14]. Additionally, transformation of pDR111 

plasmid required linearization at StuI restriction site.  

 

Three constructs expressing MEP pathway genes in pHCMC04G plasmid 

from our previous study were used. Two of which express four genes as 

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

p04CEGA expresses the genes ispC, ispE, ispG and ispA. The third construct 

p04SDFHCEGA expresses all the seven genes of the MEP pathway along 

with ispA [53, 99]. 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 [14]. 

 



   

 

Real Time Quantitative PCR 

After induction, B. subtilis 168 strains were incubated for 5 hr at 20 °C under 

shaking conditions and harvested for total RNA isolation. Maxwell® 16 LEV 

simplyRNA Purification Kit was used to extract total RNA with an additional 

lysozyme digestion step [229]. 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 held at 4 °C till needed. cDNA was used in 

qPCR immediately, or stored at -20 °C until use. 

 

The real-time quantitative PCR with SYBR Green (SensiMixTM SYBR Low-ROX 

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

in QuantStudio™ 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 °C for 15 s, 60 °C for 25 s, and followed by melting 

curve analysis using the defaulted program. Data analysis was carried out 

using QuantStudio™ 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, which was expressed as logarithmic of 

absolute copy number per unit input total cDNA (10 ng). Plasmid pDR111-ads 

and p04SDFHCEGA were used to generate standard curve for ads and MEP 

pathway fragment ispH-ispC, respectively. 16S rRNA gene was used as 

housekeeping gene [230, 231]. Primers were designed using NCBI Primer-

BLAST online (https://www.ncbi.nlm.nih.gov/tools/primer-blast/), [157], and 

listed in Table S1. 

 

Analysis of Segregational Stability 

Segregational stability was analyzed by evaluating the growth of B. subtilis 

168 strain harboring the cGAF and SDFHCEGA constructs in 2YT medium in 

absence of antibiotics for 40 generations involving several subcultures by 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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optimizing a formerly published protocol [152]. First, the cGAF/SDFHCEGA  B. 

subtilis strain was grown in 2 ml 2YT medium containing 10 μg/ml 

spectinomycin and 5 μg/ml chloramphenicol to select for the two constructs, 

respectively. The overnight culture was then inoculated into 2 ml fresh 2YT 

medium without antibiotics and incubated at 37°C for 24 hr to attain full 

growth. Following that, the culture was diluted 1:1000 by fresh 2YT medium 

without antibiotics and further incubated for 24 hr where the incubation 

temperature for the first 3 h was 37 °C and then the temperature was 

reduced to 20 °C to mimic the conditions used for production of 

amorphadiene (growth of the 1:1000 dilution culture accounts for about 10 

generations of cultivation). This culture was finally diluted 106 fold and plated 

onto 2YT agar plates without antibiotics. Next day, 100 colonies were picked 

and transferred onto 3 different 2YT agar plates supplemented with 10 μg/ml 

spectinomycin, 5 μg/ml chloramphenicol or a combination of the two 

antibiotics. This treatment starting from the 1:1000 dilution was repeated 

successively for 4 times to obtain 40 generations of cultivation. The growth of 

the colonies on the antibiotic plates corresponding to the antibiotic resistance 

gene in each construct confirmed the presence of the constructs, thus 

indicating that the plasmid hosted by the colonies is segregationally stable. 

The complete experiment was performed in duplicate. 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%]. 

 

Medium optimization by 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 [5, 217, 232—234]. A 27-2 FFD 

(Resolution IV) with 7 factors at 2 levels and 3 replicates at the central points 
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was performed, in which amorphadiene production (mg/L) was set as the 

response (Table S3). Details of the design are shown in supplementary 

material Table S3. 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 cultures. 

 

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 (RSM) 

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

response surface method (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 S5, and the design 

matrix is given in supplementary material Table S6.  

 

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 S8). The F-value, P-

value, and R2 (also, adjusted R2) (in Table S8) imply that the model is reliable 

and has a good relationship between the observed and predicted responses. 

The model can be represented by 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 predicted 

amorphadiene yield (mg/L), x1 is pyruvate and x2 is K2HPO4.   

 

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 to analysis of variance (ANOVA), and a polynomial 
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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. 

Table S1 Primers used in this study  

*Bold text indicated the ribosome binding site sequence  

Primers Forward primer (5’-3’ sequence) Reverse primer (3’-5’ sequence) 

A1 TCTAGAGATTAACTAATAAGGAG-

GACAAAC 

CTGCAGTCAG-

TGATGATGATGATGATGCACCGGTG

CATTTAAATG 
A2 GATTAACTAATAAGGAG-

GACAAACATGTCACTTACAGAAGA

AAAACCTATTC 

TCAGTGATGATGATGATGATGCAC-

CGGTGCATTTAAATGTATACTCATA

G 
A3 GTTTGTCCTCCTTATTAG-

TTAATCAGCTAGCTGTCGACTAAGC 

CATCATCATCATCATCACTGATAA-

TAATGAGCACTAGTCAAGGTCGGCA

ATTC 
G1 GATTAACTAATAAGGAG-

GACAAACATGGTTTC 

TAAGTGACATGCCAGAAC-

CGCCTTTATACAATTC 
G2 GGCGGTTCTGGCATGTCAC-

TTACAGAAGAAAAACCTATTC 

GTTTGTCCTCCTTATTAGTTAATCAC-

TAGAAG 

G3 TTTATACAAGGCGGTTCTGG-

CATGTCACTTACAGAAGAAAAACC

TATTC 

TCAGTGATGATGATGATGATGCAC-

CGGTGCATTTAAATGTATACTCATA

G 
G4 GCCAGAACCGCCTTTATA-

CAATTCATCCATACCATGTGTAATA

C 

CATCATCATCATCATCACTGATAA-

TAATGAGCACTAGTCAAGGTCGGCA

ATTC 
F1 TATACATTTAATGCAC-

CGGTGTGATTAACTAATAAGGAGG

ACAAAC 

CTCAGTGATGATGATGATGATGC-

TATTTGCTTCTCTTGTAAACTTTG 

F2 CATCATCATCATCATCACTGAGGA 

TCCCCCGGGCTGCAGG 

GTTTGTCCTCCTTATTAGTTAATCAC-

TTTC 

F3 TATACATTTAATGCAC-

CGGTGTGATTAACTAATAAGGAGG

ACAAAC 

TTATTAGTGATGATGATGATGATGC-

TATTTGCTTCTCTTGTAAACTTTG 

F4 CATCATCATCATCATCACTAA-

TAATGAGCACTAGTC 

CATCCGCTGCTGTGATGATGATGAT

GATGG 
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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 linearized by PCR using primer F2 while pDR111-gfpads 

using primer F4. Then the fpps fragments were cloned into corresponding 

plasmid by CPEC method.  
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Strains* Vector Genes 

pA pBS0E Ads 
pGA pBS0E gfp-ads 

pGA/CEGA pBS0E 

pHCMC04G 

gfp-ads 

ispC+ispE+ispG+ispA 

pGA/SDFH pBS0E 

pHCMC04G 

gfp-ads 

dxs+ispD+ispF+ispH 

pGA/SDFHCEGA pBS0E 

pHCMC04G 

gfp-ads 

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

pGAF/SDFHCEGA pBS0E 

pHCMC04G 

gfp-ads+fpps 

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

cA pDR111 ads in chromosome 

cGA pDR111 gfp-ads in chromosome 

cGA/CEGA pDR111 

pHCMC04G 

gfp-ads in chromosome 

ispC+ispE+ispG+ispA 

cGA/SDFH pDR111 

pHCMC04G 

gfp-ads in chromosome 

dxs+ispD+ispF+ispH 

cGA/ SDFHCEGA pDR111 

pHCMC04G 

gfp-ads in chromosome 

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

cGAF/ SDFHCEGA pDR111 

pHCMC04G 

gfp-ads+fpps in chromosome 

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

Table S2. Strains constructed in this study 

*Strain names starting with “p” indicated ads, gfp-ads, or gfp-ads+fpps operons located in the 
replicated plasmid pBS0E, those names beginning with “c” depicted operons that were 
integrated into the chromosome of B. subtilis   



   

 

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 

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 

Table S3 Factors and levels tested in FFD 

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



   

 

Table S4 Fractional Factorial Design 

Standard 

order 

Run 

order 

Glycer-

ol 

Na

(Pyruvate) 

K2HPO

4 
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 S5 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   

Table S6 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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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 signifi-

cant 
Pure Error 158 2 79       

Cor Total 19196.29 34         

Table S7 Result of FFD 

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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Table S8 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>  

Amorphadiene produced in B. subtilis strains containing FPPS from 

different organism 

 

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 hr 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 

calculated as β-caryophyllene equivalent.  
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Figure S1. Amorphadiene 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). 

B 

A 
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Abstract 

 

Amorphadiene is the first dedicated precursor of the antimalaria artemisinin. 

Production of artemisinin up until now still relies on the natural isolation from 

Artemisia annua rendering fluctuation on both supply and price of the drug. B. 

subtilis with a high capability on producing terpenoids and its GRAS status 

holds great potential to be developed as artemisinin precursor cell factories. 

Here, the heterologous mevalonate pathway (MVA) was expressed in B. 

subtilis in order to improve the production of amorphadiene. MVA pathway 

genes originated from Enterococcus faecalis (upper part) and Streptococcus 

pneumoniae (lower part). Expression of the upper part of the pathway 

enabled the strain to produce mevalonate up to 200 ppm (1.35 mM) after 48 

hrs of incubation. Meanwhile, integrating the lower part did not directly 

improve the amorphadiene production. Expression of idi and ispA were 

required to divert the flux to farnesyl pyrophosphate (FPP) as the precursor of 

amorphadiene. Mevalonate supplementation up to 40 mM into the 2YT 

medium increased amorphadiene production up to 809 mg/L after 48 hrs of 

incubation. It is for the first time that the heterologous MVA pathway is 

expressed in B. subtilis. However, there is still problem in the upper part of 

the pathway that hindered the efficient activity of the heterologous pathway 

and that still requires further elucidation. 

 

Keyword: mevalonate pathway, B. subtilis, artemisinin, amorphadiene, 

heterologous expression 
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Introduction 

 

Artemisinin, in a combination package, has been recommended by World 

Health Organization (WHO) as the first line therapy for treating Plasmodium 

falciparum malarial infection[207, 208]. With its indispensable role, there is a 

growing demand for the drug that is predicted to reach 800 millions of 

artemisinin based combination therapy treatments required by 2021 [208]. 

However, the high demand of the drug has been compromised by shortage in 

supply and price instability due to various causes including agrarian policy of 

the producer country, and failure on harvesting due to climate issues. Up 

until now, the production of artemisinin still relies on natural isolation of the 

drug, with the yield up to about 1.5%[11]. Total chemical synthesis of the 

drug up until now is still challenging and extremely expensive on the account 

of its complex structure[11].Thus, reliance on the natural isolation process 

has a major impact on the stability of the drug supply and as well as its price 

[207]. On top of that, the natural isolation process requires enormous 

amount of organic solvent that currently become an environmental concern

[235]. Thus, an alternative process yielding a sustainable supply and an 

environmentally friendly production would be wanted for this natural 

product.  

 

Microbial production of the amorphadiene as the first dedicated precursor is 

expected to close the gap between the supply and demand of artemisinin. 

Saccharomyces cerevisiae yeast and E. coli have been developed for microbial 

production platform. Yet, exploration of other microorganisms as the 

production platform might still give better opportunities for a high 

productivity at a low cost [236]. While yeast has been renowned for its safe 

status, it is a slow grower compared to bacteria [5]. On the other side, 

utilization of E. coli as production platform would entail more cost for 

purification due the presence of endotoxin[237].  

 

Bacillus subtilis is known for its generally recognized as safe (GRAS) status 

given by the FDA (food & drug association). This GRAS status of the bacterium 

also renders it as the gram-positive model bacterium with which numerous 
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studies have been conducted on the physiology and metabolism. With 

respect to terpenoids production, B. subtilis has the capacity to emit isoprene 

(C5 terpenes) at a higher level than other microorganisms including E. coli

[13]. This capability is beneficial for microbial production of valuable 

terpenoids. However, until recently studies on the metabolic engineering in 

B. subtilis for production of artemisinin precursor is still limited. Zhou et al 

optimized the production of amorphadiene as precursor of artemisinin in B. 

subtilis by overexpressing dxs and idi, two genes of the endogenous 

methylerythritol phosphate (MEP) pathway, leading to around 20mg/L of 

amorphadiene production[5]. Simultaneous overexpression of four MEP 

genes having effect on the flux of the terpenoid pathway resulted in high 

production of C30 carotenoids[51, 53]. In our later work, overexpression of all 

of the MEP pathway genes rendered up to 17.8 mg/ L of taxadiene in B. 

subtilis[99]. In addition, our previous works on co-expression of the whole 

MEP pathway together with modified ADS resulted in 416 mg/L of 

amorphadiene using an optimized medium (Chapter 5). 

 

MEP as the terpenoid endogenous pathway of B. subtilis is subject to tight 

regulation considering its relation with cell walls biogenesis and also cell 

stress response and possible unknown physiological behavior [56, 92]. 

Mevalonate (MVA) pathway expression is expected to sneak out of the 

regulation. MVA pathway is mostly found in eukaryotic organisms, but also 

some Gram positive cocci such as from Streptococcus, Enterococcus, and 

Staphylococcus have a MVA pathway [2, 34]. 

 

The research in this chapter focuses on the construction of a mevalonate 

pathway in B. subtilis and its use for a higher production of amorphadiene. 

The constructed MVA pathway operon consists of upper and lower part 

adapted from Enterococcus faecalis and Streptococcus pneumoniae, 

respectively. As shown in Figure 1, Isopentenyl diphosphate (IDP) is the sole 

product of the pathway, requiring isopentenyl diphosphate synthase (Idi) to 

convert to its isomer, dimethyl allyl diphosphate (DMADP). Condensation of 

two molecules of IDP with one molecule DMADP results in one molecule of 

FPP acting as sequiterpenes (C15 terpenes) precursor including 
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amorphadiene. B. subtilis strains depending on the endogenous expression of 

idi failed to increase the production of amorphadiene indicating the need for  

additional copies of this gene. At the end, heterologous expression of the 

MVA pathway resulted in a  production of amorphadiene at approximately 

809 mg/L in the strain with an extra copy of idi and ispA (encoding farnesyl 

pyrophosphate synthase) upon medium supplementation with 40 mM of 

mevalonate.  

Figure 1. Mevalonate pathway for producing terpenoid precursors IDP and DMADP, which 
further undergo condensation reaction catalyzed by farnesyl pyrophosphate synthase (FPPS) 
resulting in farnesyl pyrophosphate (FPP). FPP is the substrate of amorphadiene synthase (ADS) 
producing amorphadiene as the first dedicated precursor of artemisinin.  
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Materials and Methods 

 

Bacterial strains, plasmids, and media 

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

DH5a was used for cloning steps, cultured in Luria-Bertani (LB) medium. B. 

subtilis 168 strains were cultured in 2YT (1.6 % Bacto-tryptone, 1 % Bacto-

yeast extract, 0.5 % 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).  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. Mevalonate 1mM as supplement for 

medium in amorphadiene production was prepared by mixing 1 mL of 2M 

mevalonolactone (Sigma) with 1.02 mL of 2M KOH and incubated at 37°C, 30 

mins[120]. 

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

Bacterial strain Genotype Reference 

B. subtilis 168 trpC2 [154 ,153]  

Bsu_gfp-ads 168 amyE::Phyperspank gfp-ads; SpR Previous study 

E. coli DH5α F-endA1 hsdR17 (rk
-,mk

+) supE44 thi-1 
λ-recA1 gyrA96 relA1 φ80dlacZ∆M15 

Bethesda Research Lab 
1986 

Plasmid Pertinent properties Reference 

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

186]  

pHCMC04G 

  

B. subtilis and E. coli shuttle vector; 
ori-pBR322; ori-pBS72 (theta replica-
tion); PxylA xylose-inducible promot-
er; CmR; AmpR 

[53]  

MVA pathway construction 

Synthetic DNA fragments encoding the Mevalonate (MVA) pathway genes 

were ordered from Life® together with mntA ribosome binding site 

(AAGAGGAGGAGAAAT), restriction sites for Bst1107I, EcoRV and KpnI 
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except the mvaE gene that contained BamHI and SpeI in addition to EcoRV 

and KpnI. The operon was arranged according to the scheme in Figure 2. 

Upper mevalonate pathway, containing mvaE and mvaS encoding 

bifunctional enzyme acting as acetoacetyl coA synthase and HMG-coA 

reductase, and HMG-coA synthase respectively, were adapted from 

Enterococcus faecalis mevalonate pathway. Meanwhile, the lower 

mevalonate pathway containing mvaK1, mvaK2, and mvaD encoding 

mevalonate kinase, mevalonate phosphate kinase, and mevalonate 

biphosphate decarboxylase were adapted from Streptococcus pneumoniae. 

All genes were codon optimized according to B. subtilis 168 codon usage. 

 

The first two genes were inserted into pHCMC04G plasmid following ligation 

dependent procedure. The mvaE gene was cleaved at BamHI and SpeI sites 

and inserted into the plasmid after cleavage at both sites. Following 

restriction at Bst1107I and KpnI, mvaS was inserted into linearized 

pHCMC04G-mvaE at EcoRV and KpnI (Figure 2).  
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Figure 2. A. The design of synthetic genes of mevalonate pathway with the expected construct 
of operon. B. CPEC procedure on construction of lower part of MVA pathway together with ispA 
and idi. 
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The rest of the genes were put into the linearized plasmid, cleaved at EcoRV 

site, by a sequential circular plasmid extension cloning (CPEC) protocol. In 

principal, CPEC protocol comprises the generation of megaprimer consisting 

of the gene of interest and flanking region homologous to the sites where the 

insertion would take place of the linearized plasmid. Megaprimers would 

then be utilized in second PCR with a linearized plasmid as the template and 

resulted nick plasmid (Figure 2). The MVA pathway operon construction was 

complete with the pHCMC04G-mvaE-mvaS-mvaK1-mvaK2-mvaD (ESKD) 

operon. Later on, ispA and idi encoding farnesyl pyrophosphate synthase 

(FPPS) and isopentenyl diphosphate isomerase (Idi) respectively were added 

to the MVA pathway operon resulting pHCMC04G-mvaE-mvaS-mvaK1-mvaK2

-mvaD-ispA (ESKDA) and pHCMC04G-mvaE-mvaS-mvaK1-mvaK2-mvaD-ispA-

idi (ESKDAI). Confirmation of strains carrying the intended construct was done 

by colony PCR, restriction analysis, and sequencing. 

 

Mevalonate production and measurement 

Mevalonate was measured according to Yoon et al[238]. Before the 

measurement, B. subtilis containing pHCMC04 mvaE-mvaS (ES strain) was 

cultured in TSB medium. In the next day, the overnight culture was diluted to 

OD600 0.05 – 0.07 in the Erlenmeyer flask. After the OD600 reached 0.7 – 0.1, 

glycerol at 1 and 5% was added as the supplement (according to Yoon et al, 

addition of glycerol up to 2% enhanced carotenoid production up to three 

folds) [238] together with 1% of xylose as the inducer. After 24 hours of 

incubation at 37°C, 250 rpm, from the induction time point, 1 mL of sample of 

the culture was drawn into a glass bottle for the measurement. Another 

sampling was conducted at 48 hours after the induction. Samples were 

acidified to pH 2 – 3 with HCl, then incubated for 1 hour at 45°C to convert 

mevalonate into mevalonolactone. One mL of ethyl acetate was added into 

each sample to extract mevalonolactone. In order to separate the water and 

organic layer, Na2SO4 was added and 500 mL of ethyl acetate fraction was 

taken and put into GC-MS vial. Measurement of mevalonate was conducted 

using GC-MS in total ion current (TIC) mode with mevalonolactone (Sigma) as 

the standard. 
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Co-expression of MVA pathway with ADS 

B. subtilis 168_gfp-ads strain (GA) was co-transformed with pHCMC04G 

plasmids carrying the full MVA pathway resulting in three different strains: 

GA+ESKD, GA+ESKDA, and GA+ESKDAI. Overnight culture of each strain was 

diluted in 2YT medium to reach OD600 around 0.05 – 0.07. The cultures were 

incubated at 37°C, 250 rpm until reached OD600 of 0.7 – 0.1. Cultures were 

then induced by 1% of xylose and supplemented with mevalonate at 5, 20, 

and 40 mM. To trap the amorphadiene, 150mL of dodecane was layered on 

top of the cultures. Following the induction, the cultures were incubated at 

20°C, 250 rpm for 24 hours or 48 hours. Dodecane layer was subject to 

amorphadiene measurement using GC-MS instrument. 

 

Western Blot analysis  

Cells were pelleted from the cultures after 24 hr growth in which the volume 

was normalized to OD600 = 1. The pellets were lysed using lysis buffer 

containing: 50 mM glucose, 25 mM Tris pH 8.0, 1 cOmplete™ Protease 

Inhibitor Cocktail tablet from Sigma (1 tablet per 50 mL), 0.25 mg/mL 

lysozyme, 20 mM MgCl2, DNAse 0.01%; and incubated for 30 minutes at 37°

C. The protein concentration was measured using Nanodrop® 

spectrophotometer and 40 mg of protein lysate samples were loaded onto 

SDS PAGE gel. The protein was transferred onto PVDF or nitrocellulose 

membrane. Detection of MVA pathway expression was mediated by Horse 

radish peroxidase conjugated mouse Polyhistag Monoclonal antibody (Sigma-

Aldrich) and visualized using luminescence reagent (GE). For detection of 

ADS, a 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 Bioscience. 

 

GC-MS analysis of amorphadiene 

Amorphadiene was measured according to [189]. Dodecane layer was taken 

from the culture and subsequently diluted resulting amorphadiene 

concentration in the range of 3.5 to 28 mg/L. Diluted samples were then 

subject to analysis using Shimadzu GCMS-QP5000 system equipped with a 
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17A gas chromatograph (GC) and AOC-20i autoinjector. Two microliters of 

the samples 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 to selected ion mode (SIM) 

monitoring m/z ion 189. Concentration of amorphadiene was calculated from 

β-caryophyllene standard curve and expressed as β-caryophyllene equivalent 

 

Results and Discussion 

 

Heterologous mevalonate pathway construction 

In previous experiments, co-expression of the MEP pathway in combination 

with taxadiene synthase resulted in high production of taxadiene, a 

precursor of paclitaxel (Taxol ®) (Chapter 4) [99] and C30 carotenoids 

(Chapter 3)[98]. It is proven that the plasmid carrying the synthetic operon of 

MEP pathway is held stable up to 100 generations of B. subtilis [98] (Chapter 

3). This gave more confidence to utilize the plasmid, which previously bore 

the MEP pathway synthetic operon[98, 99] as the vector for the 

heterologous MVA pathway (Table 2).  
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Strains Vector Genes 

E pHCMC04G mvaE 

ES pHCMC04G mvaE+mvaS 

ESK1 pHCMC04G mvaE+mvaS+mvaK1 

ESK2 pHCMC04G mvaE+mvaS+mvaK1+mvaK2 

ESKD pHCMC04G mvaE+mvaS+mvaK1+mvaK2+mvaD 

ESKDA pHCMC04G mvaE+mvaS+mvaK1+mvaK2+mvaD+ispA 

ESKDAI pHCMC04G mvaE+mvaS+mvaK1+mvaK2+mvaD+ispA+idi 

GA pDR111 gfp-ads in chromosome 

GA+ESKD pDR111 

pHCMC04G 

gfp-ads in chromosome 

mvaE+mvaS+mvaK1+mvaK2+mvaD 

GA+ESKDA pDR111 

pHCMC04G 

gfp-ads in chromosome 

mvaE+mvaS+mvaK1+mvaK2+mvaD+ispA 

GA+ESKDAI pDR111 

pHCMC04G 

gfp-ads in chromosome 

mvaE+mvaS+mvaK1+mvaK2+mvaD+ispA+idi 

Table 2. Constructed strains in this study 

The MVA pathway was built from two different sets of genes, one from E. 

faecalis for the upper part and one from S. pneumoniae for the lower part of 

the pathway, respectively. The selection of these sets was done with the 

assumption that genes originating from low GC gram positive bacteria might 

be better expressed B. subtilis. Secondly, Yoon et al provided evidence that 

the upper part of MVA pathway from E. faecalis produced more mevalonate 

compared to the upper part from other microorganisms[238]. Meanwhile, 

the lower part of the pathway was considered to be efficient in converting 

mevalonate to IDP as one of the general building blocks of terpenoids[238]. 

 

Expression of MVA pathway in B. subtilis 

All five of MVA pathway genes were successfully inserted into pHCMC04G by 

both of ligation dependent and independent (CPEC) approaches. Expression 

of each of the genes was followed using western blot technique (Figure 3). As 

the His-tag sequence was always put at the C-terminal of the last gene of the 

operon, the western blot only showed the expression of the respective gene. 

Though there is variation in the extent of the protein expressed, western blot 
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detection confirmed that the operon containing MVA pathway is well 

expressed in B. subtilis. 

Figure 3. Western blot of B. subtilis expressing MVA pathway. The cultures were incubated 
at 37°C, 250 rpm. Volume of total lysate protein was normalized to 40mg of protein. From 
left to right: 1&6: B. subtilis carrying pHCMC04G empty, 2. B. subtilis carrying pHCMC04G-
mvaE (E), 3. B. subtilis carrying pHCMC04G-mvaE-mvaS (ES), 4. B. subtilis carrying pHCMC04G
-mvaE-mvaS-mvaK1 (ESK1), 5. B. subtilis carrying pHCMC04-mvaE-mvaS-mvaK1-mvaK2 
(ESK2), 7. B. subtilis carrying pHCMC04G-mvaE-mvaS-mvaK1-mvaK2-mvaD (ESKD). Protein 
size; MvaE: 87 kDa, MvaS: 46 kDa, MvaK1: 40kDa, MvaK2: 37 kDa, MvaD: 37 kDa) 

Functionality of upper part of MVA pathway can be measure by quantifying 

mevalonate. Mevalonate is not endogenously produced by B. subtilis as the 

bacterium naturally relies on MEP instead of MVA pathway for generating 

terpenoid precursors. Hence, mevalonate detected can only be resulted 

from the expression of mvaE and mvaS of the heterologous pathway. 

 

The ES strain, which bore only the upper part of the pathway produced up 

to 200 ppm of mevalonate (equal to 1.35 mM) (Figure 4.). The presence of 

mvaK1 decreased mevalonate production of the culture. This could be 

caused by to the conversion of some of mevalonate into mevalonate 

phosphate catalyzed by mevalonate kinase (mvaK1). Accordingly, the 

decrease of mevalonate might come as a sign of functionality of the 

expressed mevalonate kinase.  
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A B 

Figure 4. A. Mevalonate measurement of B. subtilis carrying pHCMC04G-mvaE-mvaS (ES) 
after 24 and 48 hours at 37°C, 250 rpm. Two groups of culture were subject to glycerol 
supplementation for 1 and 5 %, all measurements were conducted in triplicate. B. GC-MS 
chromatogram of ethyl acetate fraction from ES (top) and ESK1 strains (middle). The lower 
chromatogram shows the expected ion fragments for mevalonate (bottom). 

The attempt to increase the production of mevalonate through medium 

optimization by adding more carbon sources such as glycerol was not 

effective. Instead, addition of glycerol decreased its production to lower 

than 50% of the normal medium. This is in contrast to the report of Yoon et 

al that glycerol addition (in a final concentration up to 2%) enhanced the 

production of lycopene as the final product [238]. This might be due to the 

fact that they used E.coli and we used B. subtilis, that might have different 

metabolic strategies on glycerol utilization or the catabolic repression due 

to cis regulatory element that might presence in the PxylA of pHCMC04 

plasmid. 
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Amorphadiene production with the aid of heterologous MVA pathway 

In our previous work (Chapter 5), modification of amorphadiene synthase 

(ADS) by N-terminal fusion with green fluorescence protein (GFP) resulted in 

higher expression of the enzyme that eventually improved the amorphadiene 

production (Chapter 5). This modified ADS was co-expressed with the 

heterologous MVA pathway (Table 2). Amorphadiene production of these 

MVA boosted strains with GA strains, which depend solely on the 

endogenous MEP pathway as the control (Figure 5). Compared to GA strains, 

GA+ESKD strain, which holds the complete mevalonate pathway, produced a 

lower amount of amorphadiene. Insertion of ispA as farnesyl pyrophosphate 

synthase in addition to the MVA pathway (ESKDA strain) rendered the 

production of amorphadiene equal to GA strain, which indicates the problem 

on the heterologous MVA pathway. This problem could arise from interaction 

between the endogenous MEP pathway and heterologous pathway as the co-

expression of MVA pathway reduced amorphadiene production significantly. 

Additional copies of ispA helped to improve the amorphadiene production of 

the strain, but only to the same level of GA strain. Since it had been proven 

that the upper part of MVA pathway was functional, supported by the 

capability to produce mevalonate, we explored the capability of the lower 

part of MVA pathway by mevalonate supplementation into the medium. 

Mevalonate supplementation up to 5mM improved amorphadiene 

production slightly, but a more concentrated supplement inadvertently 

reduced the product titer. Nevertheless, the result showed that the lower 

pathway was functional. Subsequently, in refer to the nature of the MVA 

pathway, which only produces IDP, idi encoding isopentenyl diphosphate was 

inserted to the operon in order to balance the DMADP to IDP ratio. 

Amorphadiene production of strain with extra Idi was comparable to GA and 

GA+ESKDA. However, supplementation of mevalonate spectacularly 

improved the amorphadiene titer that eventually yielded 809 ± 38 mg/L of 

amorphadiene (40 mM mevalonate addition to 2YT medium). Consequently, 

the result implies two things. Firstly, the high flux of IDP in strains with a 

heterologous MVA pathway requires extra Idi to balance the ratio of DMADP 

and IDP. The low ratio of DMADP to IDP due to the activity of MVA pathway 

could represent a negative feedback to the whole pathway including the 
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endogenous MEP pathway.  Secondly, the high titer of amorphadiene from 

GA+ESKDAI strain grown in mevalonate supplementation indicated the full 

functionality of the lower part of the MVA pathway. It also indicated that 

the upper part is ineffective in supplying mevalonate for the lower part of 

the pathway. The generated amount of mevalonate is too low to lead to a 

high production of IDP and DMADP. The ineffectiveness of upper part might 

due to the bifunctional natural of MvaE. An in vitro activity measurement 

indicated that splitting the HMG-coA reductase part would increase the 

enzyme activity[239].  

 

Figure 5. Amorphadiene production of B. subtilis 168_gfp-ads (GA) carrying three different 
constructs of mevalonate pathway was measured, B. subtilis 168_gfp-ads (GA) without MVA 
pathway was the control. The cultures were incubated at 20°C, 250 rpm after the induction for 
24 and 48 hours. Variable concentrations of mevalonate (5mM, 20mM, and 40mM) were add-
ed to the culture at the time of induction. GA: B. subtilis 168_gfp-ads strain, ESKD: pHCMC04G-
mvaE-mvaS-mvaK1-mvaK2-mvaD, ESKDA: pHCMC04G-mvaE-mvaS-mvaK1-mvaK2-mvaD-ispA, 
ESKDAI: pHCMC04G-mvaE-mvaS-mvaK1-mvaK2-mvaD-ispA-idi. All measurements were con-
ducted in triplicate using 2YT medium and expressed as mean± SD. 
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B. subtilis depends on the methylerythritol phosphate (MEP) as the 

endogenous pathway to supply precursor for terpenoids biosynthesis. The 

current amount of amorphadiene production in B. subtilis is considerably 

higher compared to previous results in B. subtilis[218]. Despite of its 

dependency on mevalonate supplementation, this result presents the MVA 

pathway as the potential alternative way in increasing terpenoids production 

up to industrial level. The ineffectiveness of the upper part of the pathway 

might be due to a contra productive interaction between the heterologous 

and endogenous terpenoid pathway. It could be also due to toxicity or the 

imbalance of the intermediate products. Accumulation of HMG-CoA for 

example could bring a toxic event for E. coli that hampers the productivity 

[114, 138]. Therefore, further studies still need to be done with more 

elaborative experiments such as metabolomic studies on heterologous and 

endogenous pathway interactions.  

 

B. subtilis depends on the methylerythritol phosphate (MEP) as the 

endogenous pathway to supply precursor for terpenoids biosynthesis. The 

current amount of amorphadiene production in B. subtilis is considerably 

higher compared to previous results in B. subtilis[5] and our result in chapter 

5. The higher production under the mevalonate supplementation could be 

explained as there is no existing metabolism route for the mevalonate in B. 

subtilis.  Despite of its dependency on mevalonate supplementation, this 

result presents the MVA pathway as the potential alternative way in 

increasing terpenoids production up to industrial level. The ineffectiveness of 

the upper part of the pathway might be due to a contra productive 

interaction between the heterologous and endogenous terpenoid pathway. 

It could be also due to toxicity or the imbalance of the intermediate 

products. Accumulation of HMG-CoA for example could bring a toxic event 

for E. coli that hampers the productivity [120, 122]. Therefore, further 

studies still need to be done with more elaborative experiments such as 

metabolomic studies on heterologous and endogenous pathway interactions 

together with the improve supply of cofactor (as explained in Chapter 2).  
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Summary and General Discussion 

 

Terpenoids is a natural products group comprising a very large number of 

compounds, approximately 40,000 different entities. With its diversity, no 

wonder terpenoids could not be separated from human life especially for 

fragrance/ aroma, colorant, and also medicines. Antimalarial artemisinin 

and anticancer paclitaxel (Taxol®) reflect indispensable role of this natural 

product group in medicine/ pharmaceutical fields. The demand of 

artemisinin combination therapy is steadly growing and predicted to reach 

800 millions of packs in 2021[208]. The high demand of the drugs up until 

know still relies on natural isolation from the original plant, Artemisia 

annua. This reliance on natural isolation is complicated by the low yield of 

the drug (only up to about 1.5% of dried plant material), agriculture policy 

imposed by the producer country to prioritize the staple crops in contrast 

of medicinal plant, and current unpredictable climate conditions. 

Meanwhile, total chemical synthesis of the drugs is still hampered by the 

high cost of production at industrial level[11]. Taken together all facts here 

direct the instability in the stock and price as well.  

 

Similar case is also happened with Paclitaxel (Taxol®) productions. Paclitaxel 

(Taxol®) is a diterpene compound isolated from the bark of Pacific’s yew 

(Taxus brevifolia). It is a drug of choice for breast, ovarian, and cancer 

treatment around the world. The content of paclitaxel is extremely low only 

that extraction of 0.5 gram of Taxol requires two to three fully grown Yew 

trees[240]. With the endangered status of the plant, the production has 

been in concerned. Fortunately, the production of the drug has been 

replaced by the semisynthetic approach requiring Baccatin III, obtained 

from the leave of Taxus baccata as the precursor[240]. Plant cell culture has 

been developed as the platform for the production docetaxel, derivate of 

paclitaxel (Taxol®)[241]. Though semisynthetic production approach has 

redirected plant exploitation from barks to leaves, the dependency on plant 

materials still possible to cause instability on the supply and price. Hence, 

the alternative approach in the production of natural product-based 
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medicine would be more than welcomed. 

 

In relation to terpenoids production, there was an evidence that B. subtilis 

emits higher isoprene (C5 terpenes) compared to other bacteria including E. 

coli. Together with its ability to produce other type of terpenes, many of them 

involved in B. subtilis cell structure and habit such as undecaprenyl 

diphosphate facilitating cell wall biogenesis and farnesol acting on biofilm 

formation, high isoprene emission of B. subtilis encompasses the bacterium 

potential to be developed as terpenoid cell factories as well as the challenges 

(Chapter 2). B. subtilis exploitation for valuable terpenoids production is still 

limited though there are several evident that the bacterium excels at some of 

MEP enzymes activities (Chapter 2) 

 

B. subtilis terpenes biosynthesis involves methyl erythritol phosphate (MEP) 

pathway that also common to eubacteria organisms in producing terpenes 

precursors, isopentenyl diphosphate (IDP) and dimethylallyl diphosphate 

(DMADP). The diversity of terpenoids laid on the multiplicity of terpene 

synthase and cytochrome P450 which involves in terpenes functionalization. 

As the whole group of terpenoid is built from the same backbones, increasing 

the provision of IDP and DMADP is expected to improve the production of the 

final product. Improving the supply of IDP and DMADP would be one of the 

efforts on boosting B. subtilis terpenoids production capacity. This can be 

achieved by both upregulating the endogenous MEP pathway or 

heterologous expression of MVA pathway. 

 

Construction of a synthetic operon consisting all of MEP pathway genes was 

achieved by bringing together two subset operons (dxs-ispD-ispF-ispH [SDFH] 

and ispC-ispE-ispG-ispA [CEGA]) of the pathway previously built [53] using 

circular polymerase extension cloning protocol (Chapter 3). The synthetic 

operon was built on a theta replication plasmid (pHCMC04G) and a rolling 

circle plasmid (pHB201). At the end, the whole pathway could only construct 

on pHCMC04G as the stability issue hampered the construction of rolling 

circle plasmid with more than 10 kbps of size. Bacterial culturing up to 100 

generations confirmed the segregation stability of the operon in pHCMC04G 
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with only 15 % lost the plasmid. In contrast, only less than 40% of the 

colonies brought pHB201 plasmid retain the plasmid. This arguably support 

the notion that theta replication plasmid is more stable and would facilitate 

economic scale production of the metabolites. Overexpression of the whole 

MEP pathway under Pxylose promoter of pHCMC04G couple with carotenoid 

biosynthesis genes (crtM and crtN) of pHYCrtMN mediated high production of 

C30 carotenoid up to 21 mg/g dcw or 2 fold of the previous result [53]. This 

capability surpassed the rolling circle pHB201 strain and portrays plasmid 

stability influence on the final product yield.  

 

The capability to produce high flux of terpenoid precursors was brought 

further to generate taxadiene, the first dedicated intermediate of paclitaxel 

biosynthesis (Chapter 4). Taxadiene falls into diterpene group of terpenoids 

requiring geranyl geranyl pyrophosphate (GGPP) as the starting material 

which undergo cyclyzation reaction catalyzed by taxadiene synthase (txs). 

Three molecules of IDP and one molecule of DMADP are required to generate 

one molecule of GGPP. Takahashi and Ogura observed the geranyl geranyl 

pyrophosphate synthase activity of crude protein lysate from B. subtilis[196]. 

However, up until now, there has no annotated gene for this function 

available in the genome of B. subtilis. Therefore, crtE, heterologous gene 

encoding GGPPS of Pantoea ananatis, was cloned to pBS0E vector and 

expressed under Pxylose promoter. Heterologous production of taxadiene 

involves three different vectors, an integrative plasmid pDR111 carrying txs; 

pHCMC04 containing full MEP pathway or two subsets of MEP operon[53], 

and pBS0E containg crtE. Strain carrying txs together with crtE and full MEP 

pathway genes outperformed strains with partial MEP pathway yielding 17.8 

mg/L. This experiment has two folds of impacts, first, it confirms the 

possibility to co-express two theta replication plasmid with different origin of 

replication and antibiotic resistance cassette at high stability. Second, 

nonpolar property of taxadiene renders the molecules to traverse the cell 

membrane, facilitating easier extraction procedure by entrapping the final 

product using dodecane layer as a suitable nonpolar solvent. 
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The high flux of terpenoids precursor was also utilized to produce 

amorphadiene, the first dedicated precursor of artemisinin (Chapter 5). 

Amorphadiene as a sequiterpene requires farnesyl pyrophosphate (FPP) as 

the precursor that subsequently cyclized by amorphadiene synthase.  

Amorphadiene synthase (ads) was obtained from A. annua and cloned into 

pDR111 plasmid. At the beginning, ads was not optimally expressed in B. 

subtilis. Modification to optimum expression was achieved by N-terminal 

fusion to green fluorescence protein optimized for S. pneumoniae (gfp(sp)). N

-terminal modification of the ads resulted better expression of the enzyme 

yet retaining the activity reflected by higher amorphadiene production from 

the strain with chimeric enzyme. Provision of higher flux of farnesyl 

pyrophosphate was required to generate higher amorphadiene. Co-

expression of full MEP pathway operon with additional farnesyl 

pyrophosphate synthase (FPPS) from S. cerevisiase successfully folds the 

production of amorphadiene.  Its suggested that high flux of the MEP 

pathway required more FPPS to divert the IDP, DMADP, and geranyl 

pyrophosphate into FPP as the precursor of sesquiterpenes. As producing 

more metabolites means more nutrient and energy requirement, medium 

optimization would supply more precursor to the pathway. The optimization 

was conducted by using factorial design to select the most optimum 

condition under multiple variables of the medium optimization was 

conducted by assessing several components, including pyruvate (as the 

precursor for MEP pathway and also additional carbon source), phosphate, 

and magnesium (co-factor for enzymes involved in the biosynthesis of 

amorphadiene especially amorphadiene synthase itself). By using the 

optimized medium, co-expression of amorphadiene synthase together with 

synthetic MEP pathway operon and additional heterologous FPPS, 

amorphadiene production reached 415 mg/L. The experiment shows that in 

addition to improving the expression of terpene synthase and upregulation of 

MEP pathway, the improved supply of the precursor is required. This might 

be a consideration in the prospective research to increase the flux of pyruvate 

and glyceraldehyde 3-phosphate as the precursors of MEP pathway  
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At the last (Chapter 6), the attempt on higher production of terpenoids 

utilized the mevalonate (MVA) heterologous pathway. Heterologous pathway 

was assumed to have little or none endogenous regulation imposed at the 

gene level. The constructed MVA pathway contained the upper and lower 

part of the pathway from Enterococcus faecalis and Streptococcus 

pneumoniae. The upper part consisted of the enzymes required for converting 

3 molecules of acetyl-coA into mevalonate. Sole expression of the upper part 

of the pathway produced up to 200 ppm (1.35 mM) of mevalonate after 48 

hrs of incubation. While the lower part of the pathway involves in the 

phosphorylation of mevalonate and decarboxylation of its diphosphate 

derivative generating isopentenyl diphosphate (IDP), C5 precursor of 

terpenoids. The utilization of MVA pathway could increase the production of 

amorphadiene up to 809 mg/L in 2YT medium. But this achievement still 

required additional mevalonate to the medium up to 40 mM. Future study on 

the pitfall of MVA pathway expression is required to promote B. subtilis for 

improved terpenoid cell factory. With that, it becomes obvious that the 

improvement of mevalonate flux is the key in the optimum utilization of 

heterologous MVA pathway for improved terpenoid production. Further 

investigation on the upper mevalonate pathway might consider the 

measurement of the individual metabolites produced by MvaE and MvaS 

together with other accumulate metabolites which  pointer the interaction of 

MVA pathway and the central carbon metabolism.  

 

Conclusion and Future Perspective 

 

The experiments clearly show B. subtilis potential capacity to be developed 

and exploited as terpenoid cell factory. Indeed, there are still many rooms for 

improvement such as endogenous pathway gene fine tuning to balance the 

whole flux toward IDP and DMADP as general precursors of terpenoids. This 

gene expression fine tuning would require multitude element on gene 

expression regulation at both transcription or post-transcription level. 

Optimizing the promoter and ribosome binding site might one of the 

strategies. Various RBS and promoters currently available with a broad 

degree of magnitude. Protein engineering of both the terpenoids upstream 
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pathway of the endogenous pathway and the downstream pathway involving 

terpene synthase and cytochrome P450 would be beneficial for robust 

terpenoids production. However, there are only few of MEP pathway of B. 

subtilis that have been elucidated both structurally and functionally. Hence, 

elucidation on structural and functional activity of whole enzymes of MEP 

pathway would give more scientific basis for protein engineering on the 

pathway. In the end, further optimization would require more complex 

approach which involve global metabolites fine tuning. At this level, multi 

layers omics data followed by computational modelling would be necessary.  
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Samenvatting en Discussie 

 

Terpenoïde is een verzamelnaam voor een grote groep natuurlijke 

producten, die bestaat uit meer dan 40.000  verschillende verbindingen 

opgebouwd uit  vergelijkbare bouwstenen. Het is geen wonder dat deze 

diversiteit ervoor zorgt dat terpenoïdes niet uit het menselijk leven weg te 

denken zijn, met name voor smaak/ geur, kleurstof, en ook 

geneesmiddelen. Het antimalariamiddel artemisinine en het anti-

kankermiddel paclitaxel (Taxol®) demonstreren de essentiële rol van deze 

groep natuurlijke producten op geneesmiddel-/ farmaceutisch gebied. De 

vraag naar artemisinine combinatietherapie groeit gestaag en zal naar 

verwachting 800 miljoen ampullen bedragen in 2021[208]. De grote vraag 

naar het medicijn is nog steeds afhankelijk van de natuurlijke isolatie uit de 

originele plant: Artemisia annua. Deze afhankelijkheid van de biologische 

bron wordt nog eens versterkt door de lage opbrengst van het middel 

(slechts ongeveer 1,5% van gedroogd plantaardig materiaal), het 

landbouwbeleid opgelegd door het producerende land om 

basisvoedselgewassen voorrang te geven over medicinale planten, en de 

huidige onvoorspelbare klimaatomstandigheden. Tegelijkertijd wordt de 

compleet chemische synthese van het geneesmiddel bemoeilijkt door de 

hoge productiekosten op industriële schaal[11]. Alles bij elkaar genomen 

tonen deze feiten de instabiliteit van de voorraad en prijs. 

 

Een vergelijkbare ontwikkeling zien we ook bij de productie van paclitaxel 

(Taxol®). Paclitaxel (Taxol®) is een diterpene verbinding die uit de bast van 

de Pacifische taxusboom (Taxus brevifolia) komt. Het gehalte aan paclitaxel 

is extreem laag: voor 0,5 gram Taxol zijn twee tot drie volgroeide 

taxusbomen nodig[240]. Omdat de plant een bedreigde status heeft, loopt 

de productie gevaar. Gelukkig is de productie van het geneesmiddel 

vervangen door een semisynthetische aanpak waarbij Baccatin III wordt 

gebruikt als de precursor[240], wat gewonnen wordt uit de naalden van de 

Taxus baccata. Plantcelcultuur is ontwikkeld als platform voor de productie 

van docetaxel, een derivaat van paclitaxel (Taxol®)[241]. Hoewel de 
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semisynthetische productiemethode het gebruik van de plant herleid heeft 

van de bast naar de naalden blijft de afhankelijkheid van plantaardig 

materiaal nog steeds bestaan als mogelijke oorzaak voor het onstabiele 

aanbod en prijs. Daarom zou een alternatieve aanpak voor de productie van 

medicijnen, die van natuurlijke producten afhangen, meer dan welkom zijn. 

Als we kijken naar terpenoïde productie, dan blijkt dat er bewijs is dat B. 

subtilis meer isopreen (C5 terpenen) produceert vergeleken met andere 

bacteriën, waaronder E. coli. In combinatie met de capaciteit om andere 

types terpenen te produceren, waarvan velen te maken hebben met de B. 

subtilis celwand structuur, zoals undecaprenyl en biofilm vorming, zoals 

farnesol, geeft de hoge isopreen uitstoot van B. subtilis de bacterie veel 

potentieel om ontwikkeld te worden tot een terpenoïde celfabriek 

(Hoofdstuk 2). Er is slechts weinig onderzoek gedaan naar de exploitatie van 

B. subtilis voor de productie van waardevolle terpenoïden, hoewel er bewijs is 

dat de bacterie excelleert bij sommige MEP enzym activiteiten (Hoofdstuk 2). 

 

B. subtilis terpeen biosynthese gebeurt via  de methyl erythritol fosfaat (MEP) 

route hetgeen gebruikelijk is bij eubacteria, die terpeen bouwstenen 

produceren zoals isopentenyl difosfaat (IDP) en dimethylallyl difosfaat 

(DMADP). De diversiteit van terpenoïden is gebaseerd op de verscheidenheid 

aan terpeen synthases en van cytochroom P450 enzymen, die deel uitmaken 

van terpeen functionalisatie. Omdat de hele groep van terpenoïde uit 

dezelfde basisbestanddelen bestaat, is het aannemelijk dat het verhogen van 

de toelevering van de IDP en DMADP bouwstenen de productie van het 

uiteindelijke product ten goede zal komen. Het verbeteren van de aanvoer 

van IDP en DMADP zou bereikt kunnen worden door het verhogen van de 

endogene MEP route of de expressie van een extra toegevoegde heterologe 

MVA route. 

 

De constructie van een synthetisch operon dat bestaat uit MEP route genen is 

bereikt door twee groepen van operons samen te brengen (dxs-ispD-ispF-ispH 

[SDFH] en ispC-ispE-ispG-ispA [CEGA]) van de eerder gebouwde 

genconstructen [53] waarbij gebruik werd gemaakt van een circulair 

polymerase extensie cloning protocol (Hoofdstuk 3). Het synthetische operon 
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was samengesteld op een theta replicatie plasmide (pHCMC04G) en een 

“rolling circle” plasmide (pHB201). Uiteindelijk kon de hele route alleen 

samengesteld worden op pHCMC04G, omdat een stabiliteitsprobleem de 

constructie van het “rolling circle” plasmide met meer dan 10 kbps grootte 

verhinderde. De bacteriële kweek tot 100 generaties bevestigde de 

segregatie stabiliteit van het operon in pHCMC04G met slechts 15% plasmide 

verlies. Dit onderbouwt het idee dat theta replicatie plasmides stabieler zijn 

en het mogelijk kan maken om metabolieten op economische schaal te 

produceren. Overexpressie van de hele MEP route onder de Pxylose promoter 

van pHCMC04G gecombineerd met carotenoide biosynthese genen (crtM en 

crtN) van pHYCrtMN medieerde een hoge productie van C30 carotenoide tot 

wel 21 mg/g drooggewicht oftewel het tweevoudige van het voorgaande 

resultaat [53]. Deze eigenschap oversteeg de capaciteit van de  “rolling 

circle” pHB201 stam en toont aan dat plasmide stabiliteit invloed heeft op de 

uiteindelijke productopbrengst. 

 

De mogelijkheid om een hoge flux van terpenoïde precursoren te produceren 

werd verder gebruikt om taxadiene te maken, het eerste speciale 

tussenproduct van paclitaxel biosynthese (Hoofdstuk 4). Taxadiene valt 

binnen de diterpeen groep van terpenoïden, en heeft 

geranylgeranylpyrofosfaat (GGPP) nodig als basismateriaal dat een 

cyclisatiereactie ondergaat, gekatalyseerd door taxadiene synthase (txs). Drie 

moleculen van IDP en een molecuul van DMADP zijn nodig om één molecuul 

GGPP te genereren. Takahashi en Ogura stelden de 

geranylgeranylpyrofosfaat synthase activiteit vast van ruw eiwit lysaat van B. 

subtilis[196]. Echter, tot nu toe is er geen gen toegeschreven aan deze functie 

in het genoom van B. subtilis. Daarom is crtE, een heteroloog gen uit Pantoea 

ananatis dat codeert voor GGPPS, gekloond naar de pBS0E vector en tot 

expressie gebracht onder de Pxylose promoter. Heterologe productie van 

taxadiene maakt gebruik van drie verschillende vectoren (i) een integratief 

plasmide pDR111 dat txs draagt, (ii) pHCMC04 dat een volledige MEP route 

bevat [53], en (iii) pBS0E dat crtE bevat. Een stam met txs samen met crtE en 

de volledige MEP route genen presteerde beter dan stammen met een 

gedeeltelijke MEP route met een opbrengst van 17,8 mg/L. Dit experiment 



 

161  

  Chapter 8| Samenvatting, agemene discussie, conclusie, en toekomstperspectieven 

8 

heeft een tweevoudige impact: ten eerste bevestigt het de mogelijkheid van 

een co-expressie van twee theta replicatie plasmiden met een verschillende 

oorsprong van replicatie en antibiotica-resistentie-cassette met hoge 

stabiliteit. Ten tweede, de apolaire eigenschappen van taxadiene laat de 

moleculen het celmembraan doorkruisen, wat voor een gemakkelijker 

extractieprocedure zorgt door het eindproduct op te vangen met behulp van 

een dodecaan laag als passende apolaire oplossing. 

 

De hoge flux van terpenoïde precursoren is ook gebruikt bij de productie van 

amorphadiene, de eerste toegewijde precursor van artemisinine (Hoofdstuk 

5). Amorphadiene als een sesquiterpeen heeft farnesylpyrofosfaat (FPP) 

nodig als precursor die vervolgens gecycliseerd wordt door amorphadiene 

synthase. Amorphadiene synthase (ads) was verkregen uit A. annua en 

gekloond in pDR111 plasmide. Aan het begin werd ads niet optimaal tot 

expressie gebracht in B. subtilis. Modificatie tot optimale expressie werd 

bereikt door N-terminale fusie met groen fluorescerend eiwit geoptimaliseerd 

voor S. pneumoniae (gfp(sp)). N-terminale modificatie van de ads resulteerde 

in betere expressie van het enzym waarbij de activiteit kenmerkend voor de 

hogere amorphadiene productie van de stram met chimere enzymen 

behouden bleef. Het leveren van een hogere flux van farnesylpyrofosfaat was 

nodig om een hoger gehalte amorphadiene te genereren. Co-expressie van 

volledige MEP route operon met toegevoegde farnesylpyrofosfaat synthase 

(FPPS) van S. cerevisiase zorgt voor een succesvolle productie van 

amorphadiene. Er wordt gesuggereerd dat de hoge flux van de MEP route 

meer FPPS vereist om de IDP, DMADP en geranylpyrofosfaat in FPP te 

genereren als de precursor van sesquiterpeen. Omdat het produceren van 

meer metabolieten betekent dat er ook meer voedingsstoffen en energie 

nodig is, zal optimalisatie van het medium meer precursor naar de route 

mogelijk maken. De optimalisatie was uitgevoerd met behulp van “factorial 

design” om de meest optimale condities onder meerdere variabelen van het 

medium te selecteren. Optimalisatie werd verricht door verscheidene 

componenten te evalueren, waaronder pyruvaat (als de precursor voor MEP 

route en ook als aanvullende koolstofbron), fosfaat, en magnesium (co-factor 

voor enzymen die bijdragen aan de biosynthese van amorphadiene, met 
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name amorphadiene synthase zelf). Door het gebruik van een 

geoptimaliseerd medium, co-expressie van amorphadiene synthase samen 

met het synthetische MEP route operon en additionele heterologe FPPS, 

bedroeg de bereikte amorphadiene productie 415 mg/L.. 

 

Tot slot (Hoofdstuk 6), is een poging gedaan tot een hogere productie van 

terpenoïdes door gebruik te maken van de heterologe mevalonate (MVA) 

route. Er werd aangenomen dat de heterologe route weinig tot geen 

endogene regulering zou opleggen op gen-niveau. De geconstrueerde MVA 

route bevatte het bovenste en onderste gedeelte van de route van 

Enterococcus faecalis en Streptococcus pneumoniae. Het bovenste gedeelte 

bestond uit de enzymen die nodig zijn voor het converteren van 3 moleculen 

acetyl-CoA tot mevalonaat. Enkel expressie van het bovenste deel van de 

route resulteerde in 200 ppm (1,35 mM) mevalonaat na 48 uur incubatietijd. 

Het onderste deel van de route is betrokken bij de fosforylering van 

mevalonaat en decarboxylering van het difosfaat derivaat hetgeen 

isopentenyl difosfaat (IDP) genereert: de C5 precursor van terpenoïden. Het 

gebruik van de MVA route zou de productie van amorphadiene kunnen 

verhogen tot 809 mg/L in 2YT medium. Maar deze prestatie vraagt nog steeds 

toegevoegde mevalonaat aan het medium tot 40 mM. Verder onderzoek naar 

de valkuilen van de MVA route expressie is nodig om B. subtilis te promoten 

als verbeterde terpenoïde celfabriek. 

 

Conclusie en Toekomstperspectief 

 

De experimenten tonen duidelijk aan dat de potentiële capaciteit van B. 

subtilis ontwikkeld en benut kan worden als terpenoïde celfabriek. Er is 

inderdaad nog steeds veel ruimte voor verbetering zoals het verfijnen van 

endogene route genen om de hele flux richting IDP en DMADP als algemene 

precursors van terpenoïden uit te balanceren. Deze verfijning van 

genexpressie vraagt een grote hoeveelheid elementen voor de  regulatie van 

genexpressie op zowel transcriptie als post-transcriptie niveau.  
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Het optimaliseren van de promotor en de ribosoom bindingsplaats zou 

wellicht een strategie kunnen zijn. Verscheidene RBS en promotors zijn op dit 

moment beschikbaar met een ruime mate van effectiviteit. Eiwitmodificatie 

van zowel de terpenoïde upstream route van de endogene route en de 

downstream route waar terpeen synthase en cytochroom P450 bij betrokken 

zijn, zouden gunstig kunnen zijn voor een sterke terpenoïde productie. 

Echter, er zijn slechts een beperkt aantal enzymen uit de MEP route van B. 

subtilis, die zijn opgehelderd zowel structureel als functioneel. Daarom zal 

opheldering van zowel structurele als functionele activiteit van hele enzymen 

van de MEP route een wetenschappelijke basis voor eiwitmodificatie van de 

route kunnen geven. Uiteindelijk zal verdere optimalisatie een veel 

complexere aanpak vragen, waar ook de verfijning van primaire metabolieten 

bij komt kijken. Op dit niveau zullen “multi layers omics” data gevolgd door 

computermodellering nodig zijn. 
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