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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 



 

133  

  Chapter 6| Heterologous expression of mevalonate pathway  

6 

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).  



  

 

  

“It’s easy to stand alone in the crowd, but it takes courage to stand alone” 
-Mahatma Gandhi- 

 
Top: Rose Garden, Decin, Czech Republic, 2017 

Bottom: Sebilj Fountain, Sarajevo, Bosnia-Herzegovina, 2017 
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