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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.  



   

 



  

 

  

“Life is like a windmill, there’s a time you’re on the top, other time you’re on the 
bottom” 

Top: Metro Station Odèon, Paris, France, 2017 
Bottom: Windmill, Lewenborg, The Netherlands, 2015 
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