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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.  



  

 

   

“Na de regen komt de regenboog. Colours in life emerge as a result 
of struggle, pain, joy, happiness, and sadness” 

Top: Bremen Kerst Markt, Bremen, Germany, 2014 
Bottom: Old Town, Sarajevo, Bosnia-Herzegovina, 2017 
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