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Abstract

The creation of microbial cell factories for sustainable production of natural products is 
important for medical and industrial applications. To reach this goal, it requires stable 
expression of biosynthetic pathways in a host organism with favorable fermentation 
properties as Bacillus subtilis. The aim of this study is to construct B. subtilis strains that 
produce valuable isoprenoid compounds by overexpressing the innate methylerythritol 
phosphate (MEP) pathway. A plasmid based expression strategy was explored where 
two vectors, one with rolling circle replication and another with theta-replication, were 
examined. On these plasmids different subsets of MEP pathway genes were cloned and 
the genetic stability, level of gene expression and amount of C30 carotenoids produced 
by the corresponding strains were evaluated. 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 plasmid clearly 
produced the highest level of carotenoids. The level of transcription for each gene in 
the operon was equal as RT-qPCR analysis indicated. Hence, that 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 (all the MEP pathway) from a plasmid-based 
system in B. subtilis. The cloning and expression strategy described are widely 
applicable for creating metabolic pathways in B. subtilis and form the basis of a cell 
factory for high value C15 and C30 terpenoid compounds such as parthenolide and 
artemisinin. 
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Introduction 

Metabolic engineering is an attractive strategy for producing pharmaceutically 
important high-value natural products. It is based on combining different metabolic 
pathways in one microorganism at the genetic level. This host microorganism will act 
as a cell factory using precursors from its own inherent primary and/or secondary 
metabolism to produce the sought-after product resulting from expressing foreign 
genes encoding more dedicated enzymes. This approach provides a sustainable and 
usually cheaper source of such natural products compared to extraction from their 
natural source or chemical synthesis[1]. Specific genetic tools and protocols are required 
to successfully express a number of foreign genes in a microorganism. Not only an 
efficient cloning strategy is required to introduce multiple genes into the expression 
host, but also a stable and controllable expression on a stably maintained vector, self-
replicating or in the chromosome, is essential.  

Bacillus subtilis is a Gram-positive bacterium that is considered a GRAS organism 
(Generally Regarded As Safe) by the Food and Drug Administration (FDA). B. subtilis 
has a fast growth rate and can survive under harsh conditions. It can digest 
lignocellulosic materials by its inherent cellulases and use the produced 
monosaccharide sugars as its carbon source so reduce the expenses of biomass 
pretreatment. B. subtilis also has a broad metabolic potential, no significant bias in 
codon usage and a wide substrate range. In addition, B. subtilis possesses an innate 2-C-
methyl-D-erythritol-4-phosphate (MEP) pathway that produces levels of isoprene 
higher than most eubacteria including E. coli. Isoprene is a precursor for several 
valuable compounds such as the antimalarial artemisinin, antitumor paclitaxel, 
numerous flavors and fragrances. The MEP pathway proceeds through eight enzymatic 
reactions to convert the starting materials, pyruvate and glyceraldehyde-3-phosphate, 
to IPP and DMAPP. The IPP and DMAPP building blocks are then condensed to the 
precursors of terpenoids[2-4]. These properties make B. subtilis an interesting candidate 
for metabolic engineering aiming at the production of food grade or pharmaceutical 
products. In spite of B. subtilis potential as a superior cell factory, its use has been 
confined to bulk industrial enzyme production with limited applications for 
production of pharmaceutical products such as production of riboflavin using a 
recombinant B. subtilis strain[5-7]. The major obstacles hampering the use of B. subtilis 
for metabolic engineering have been the lack of suitable genetic tools -such as inducible 
expression vectors and stable plasmids- leading to reduced or no gene expression and 
presence of proteases that degrade any heterologous proteins produced[8, 9]. The latter 
obstacle has been largely overcome by the construction of protease-deficient B. subtilis 
strains by disrupting numerous extracellular protease genes up to the construction of 
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an eight-protease deficient strain. These strains were useful hosts for production of 
many heterologous proteins[10-16]. At the same time, different expression vectors were 
designed to provide the genetic tools required to use B. subtilis as a cell factory. High 
copy number plasmids mostly originating from other species became very popular for 
research purposes. However, the stability of these rolling circle replication plasmids was 
usually poor prohibiting the scale up to fermentation status[9, 17, 18]. More stable 
plasmids using the theta replication mechanism were identified, however, these had 
mostly a low copy-number and were poorly developed for expressing multiple genes. 
Therefore, the need for a stable expression system in B. subtilis allowing the 
construction of recombinant plasmids with large inserts encompassing multiple genes 
is still a pressing issue. 

Establishing a plasmid based expression system in B. subtilis requires taking several 
criteria in consideration. These criteria include the stability of the plasmid and the level 
of gene expression. The expression signal can be affected by the choice of ribosome 
binding site (RBS). The ribosomes of B. subtilis need a strong RBS (ΔG > 50.4 kJ mol-1) 
and a spacing of 6-11 nucleotides to the starting codon in order to efficiently translate 
the mRNAs[19]. Another factor that affect gene expression is the choice of promotors. 
Several constitutive and inducible promotors can be used in B. subtilis. The use of an 
inducible promotor is advantageous to orchestrate the timing of expression and to 
prevent the build-up of toxic compounds such as isoprene in the bacterial cells. The 
xylose operon is a well-characterized B. subtilis regulatory system that can exert tight 
transcriptional regulation[20, 21]. Hence, xylose dependent promotor is a good choice to 
control expression in B. subtilis. 

In this paper, we aim at designing a cloning and expression system that allows easy 
insertion of multiple genes into a single operon within a stably inherited expression 
plasmid in B. subtilis.  The cloning system makes use of an operon with a B. subtilis 
ribosomal binding site (RBS) for each gene followed by a histag at the end of each 
newly inserted gene allowing the detection of expression before cloning the next gene 
and further on. This system was successful for cloning up to eight consecutive genes 
into the operon. In addition, expression vectors with different origins of replication and 
promotors were evaluated to choose the most stable expression system in B. subtilis. 
We report a stable recombinant plasmid allowing the expression of up to eight genes in 
B. subtilis, which proves to be a very useful genetic tool for the versatile construction of
novel metabolic pathways. This system can serve as a basis for using B. subtilis as a cell
factory for production of various commercially important products.
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Materials and Methods 

Bacterial strains, growth conditions and vectors 

Bacterial strains 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 
erythromycin for E. coli DH5α and 5 μg/ml chloramphenicol or 20 μg/ml tetracycline 
for B. subtilis 168. The expression vectors used in this research are shown in Table 1. 
Rolling circle replication plasmid pHB201 was tested and compared to theta-
replication based plasmid pHCMC04G. pHB201 was obtained from Bacillus Genetic 
Stock Center ECE59. pHCMC04G was available as a part of a previous study[2]. 

Table 1. Bacterial strains and vectors used in this research 

Bacterial strain Genotype Reference 

B. subtilis 168 trpC2 [22, 23]

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 replication); P59
constitutive promoter; cat86::lacZα; CmR; EmR 

[24]

pHCMC04G B. subtilis and E. coli shuttle vector; ori-pBR322;
ori-pBS72 (theta replication); PxylA xylose-
inducible promoter; CmR; AmpR

[2]

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

[2, 25]

Cloning strategy 

Synthetic operons, containing from one up to four genes, were constructed following 
the strategy shown in Figure 1. The first gene was amplified by PCR using a forward 
primer containing SpeI restriction site and B. subtilis mntA ribosomal binding site 
(RBS) plus spacer (AAGAGGAGGAGAAAT), and a reverse primer containing a linker 
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with SwaI and BglII restriction sites, a 6× His-tag, a stop codon, and BamHI restriction 
site. This PCR product was cloned into the pHB201 plasmid through SpeI and BamHI 
sites. The next gene to be cloned was amplified with a forward primer containing StuI 
or SmaI restriction site, a stop codon for the previous gene and the B. subtilis mntA 
RBS plus spacer, and a reverse primer containing a linker with SwaI and BglII 
restriction sites. Then the amplified gene was digested at the StuI/SmaI and BglII 
restriction sites and cloned into the pHB201-gene1 constructed plasmid digested with 
SwaI and BglII restriction enzymes. This technique was repeated until up to four genes 
were cloned into the pHB201 plasmid. Single point mutations were introduced into the 
genes to eliminate the used restriction sites from their sequence whenever necessary. 
The synthetic operons were excised from the pHB201 plasmid with restriction enzymes 
SpeI and BamHI and cloned into the SpeI/BamHI-restricted pHCMC04G plasmid. 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[26]. Genes of the 2-C-methyl-D-erythritol-4-
phosphate (MEP) pathway (Figure 2)  were used to create different constructs with up 
to four genes in each construct[2]. Circular polymerase extension cloning (CPEC) [27] 
was used to create pHCMC04G construct containing the seven genes of MEP pathway 
along with ispA gene which is responsible for production of different terpenoid 
precursors. The CEGA insert was amplified by PCR using forward and reverse primers 
that introduce overlapping flanks with the BglII-restricted p04SDFH construct. The 
ligation of this insert and vector produced p04SDFHCEGA construct. 

Figure 1. Strategy for constructing the synthetic operons. 
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Figure 2. 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway. 

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

The expression of each gene was checked before cloning the next gene in the operon. 
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. The cultures were incubated 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. Cells were pelleted by centrifugation for 30 min 
at 2100g, 4 °C then resuspended in 2 ml lysis buffer (25 mM Tris-HCl, pH 8.0, 
25mMNaCl, 20% glucose, and 0.25 mg/ml lysozyme) and incubated at 37 °C for 30 
min. The soluble protein fractions were obtained by centrifugation for 20 min at 
17,000g. The his-tagged proteins were then purified on HisSpinTrapTM columns (GE 
Healthcare) using 25 mM Tris-HCl, 500 mM NaCl, and 20 mM imidazole, pH 7.4, as 
binding and washing buffer while the elution buffer contained 500 mM imidazole. 
Purified proteins were loaded on SDS-PAGE using precast NuPAGE® gels (Invitrogen)
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and stained by Coomassie-based stain InstantBlueTM (Expedeon Ltd.) or analyzed by 
western blotting where specific antibodies against the his-tag were used. Primary 
bound antibodies were visualized using fluorescent IgG secondary antibodies 
(IRDye800 CW goat anti-rabbit LiCor Biosciences). Membranes were scanned for 
fluorescence at 800 nm using the Odyssey Infrared Imaging System (LiCor 
Biosciences). 

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 with appropriate antibiotic for 100 
generations involving several subcultures.  

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 (about 10 generations of cultivation). 
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, and this 
was repeated for three times. 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. 

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 carotenoid producing plasmids. 
The genes were expressed, and carotenoids were extracted and quantified as described 
in a previous study[2]. 
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Real-time quantitative PCR (RT-qPCR) analysis 

B. subtilis 168 strain p04SDFHCEGA was incubated in LB medium overnight at 37 ºC. 
The overnight culture was diluted to OD600 of 0.05 in TSB medium and incubated at 37 
ºC under shaking condition (250rpm). Overexpression was induced by adding xylose to 
a final concentration of 1% when OD600 value reached 0.6 in the culture. 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. Briefly, the bacterial culture was diluted to an 
OD600 of 1.5 in 1 ml TSB medium, centrifuged at 3000× g for 10 min at 4 ºC and the 
supernatant was decanted. The pellet was re-suspended in 400 µl 1x TE buffer and 100 
µl Lysozyme (10µg/µl), and incubated at 37 ºC for 30 min. After incubation, the cell 
lysate was centrifuged at 3000× g for 10 min, and then the pellet was processed using 
Maxwell® 16 LEV simplyRNA Purification Kit (Promega) with Maxwell® 16 Instrument 
(Promega). 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/)[28]. 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. The primers used for the 
beginning of the operon overlap between genes dxs and ispD (SD), the forward primer 
is ACTGATGCCACCAAAGACAC and the reverse primer is 
GGTCTCCCTTCAGCTCAATG.  The primers used for the middle of the operon 
overlap between genes ispH and ispC (HC), the forward primer is 
TCACGAAGATCCATCAACTTGG and the reverse primer is GCCGATTGATCCT 
GTTGCTC. Finally, the primers used for the end of the operon overlap between genes 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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ispG and ispA (GA), the forward primer is TTGTCCGTAAGGTTCCAGAG and the 
reverse primer is ATGAGTCCGGCATATCAAGC. 

Nucleotide sequence accession number 

The nucleotide sequence of the complete genome of Bacillus subtilis 168 was given 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 synthetic operons in different vectors 

To demonstrate the robustness of our expression system of multiple proteins, we 
assembled B. subtilis genes encoding the MEP pathway into synthetic operons within 
the different expression vectors. The synthetic operons that were used in this study are 
shown in Table 2. In the synthetic operon, each gene is preceded by the B. subtilis mntA 
RBS and the last gene in the operon contains a His6-tag to allow for purification and 
detection before inserting the next gene. Different sequences of RBS and spacers were 
examined. The mntA RBS was chosen because it is considered a strong Shine-Dalgarno 
sequence (ΔG > 50.4 kJ mol-1) and a spacing of six nucleotides to the starting codon 
was employed to ensure translational efficiency[19]. The sequence of each generated 
construct was assessed proving successful cloning.  

Table 2. Constructs used in this study 
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  [2]

p04SD pHCMC04G dxs + ispD  [2]

p04SDF pHCMC04G dxs + ispD + ispH  [2]

p04SDFH pHCMC04G dxs + ispD + ispH + ispF [2]

p04C pHCMC04G ispC  [2]

p04CE pHCMC04G ispC + ispE  [2]

p04CEG pHCMC04G ispC + ispE + ispG  [2]

p04CEGA pHCMC04G ispC + ispE + ispG + ispA [2]

p04SDFHCEGA pHCMC04G dxs + ispD + ispH + ispF + ispC + 
ispE + ispG + ispA 

This study 
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Expression of MEP pathway genes in B. subtilis 168 

To determine the best conditions for expression in B. subtilis, two different media (TSB 
and 2YT) were used along with different growth temperatures (20, 30 and 37 ºC). The 
growth of the bacteria in 2YT medium usually stopped around OD600 of 5 while the 
bacteria could grow to higher OD600 (approximately 9) in TSB medium which allowed 
for better expression. That is mainly due to the exhaustion of the components of the 
2YT medium during growth where it contains small amount of carbohydrates along 
with peptides from the tryptone and yeast extract. TSB medium contains higher 
nutritional elements such as glucose and soytone which is an enzymatic digest of 
soybean meal that is rich in amino acids and carbohydrates. In addition, monitoring 
the effect of different growth temperatures showed that growth and expression at 37 ºC 
was better than the other temperatures. Hence, the optimum conditions to compare the 
different strains was decided to be growth in TSB medium at 37 ºC. 

Expression of the consecutive MEP pathway genes was checked by enriching the cell 
lysates for his-tagged proteins followed by analysis using SDS gel and Western blotting. 
In our cloning strategy, only the last protein carries a His-tag, so the expression of each 
gene can be evaluated before cloning the next gene (Figure 3.). Also, since all genes are 
in one operon on the vector and were checked by sequencing, it can be assumed that 
the transcripts are intact whenever this last protein is visible. 

Figure 3. 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. 
M, Protein molecular weight marker; The positions of the purified proteins are indicated with a 
rectangle. 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 kDa); 8, IspA (32 kDa). The differences in intensities of the bands 
reflect the differences in availability of the his-tag for SpinTrapTM and antibody binding as the 
proteins are all translated from the same transcript using the same RBS. 
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Segregational and structural stability of the constructs in B. subtilis 168 

A comparison between the pHB201 and pHCMC04G constructs was carried out based 
on their segregational and structural stability in B. subtilis 168. The pHCMC04G 
constructs were proven to be more segregationally stable than the pHB201 constructs 
as shown in Figure 4. The pHCMC04G constructs show approximately 100 % ability to 
retain the plasmid construct until the 40th generation after which a slight loss of the 
plasmid occur remaining above 85 % stable until the 100th generation. However, the 
pHB201 constructs showed significant loss of the plasmid constructs starting from the 
20th generation ending with less than 30 % ability to retain the plasmid by the 100th 
generation. Structural stability was evaluated by colony PCR to determine the size of 
the operon fragment of each construct. In addition, sequencing of the operon of 
selected colonies was performed. The sequences of the constructed operons in pHB201 
usually showed deletions and mutations when the plasmid size became more than 10 
Kb while the sequences of the operons in pHCMC04G remained stable and aligned up 
to the insertion of the eighth gene with a total recombinant plasmid size of 16.4 Kb. 
Sequencing results after the 10th generation showed that only 57 % and 62 % of the 
colonies of p201SDFH and p201CEGA constructs, respectively, had the correct 
sequence while the rest of the colonies showed deletions and/or mutations in different 
parts of the operon. On the other hand, sequencing of the pHCMC04G constructs 
indicated that 100 %, 88 % and 90 % of the colonies of p04SDFH, p04CEGA and 
p04SDFHCEGA, respectively, possessed the correct sequence of the operon. The 
creation of a pHB201 eight gene construct was unsuccessful due to the segregational 
and structural instability of the four gene constructs making further cloning unfeasible. 

Figure 4. 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). 
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Carotenoid production in B. subtilis strains overexpressing MEP pathway genes 

The total amount of carotenoids, 4,4′-diaponeurosporene and 4,4′-
diapolycopene, (mg/g dcw) produced in the different B. subtilis strains 
overexpressing MEP pathway genes with the help of pHB201 or pHCMC04G 
constructs were compared. A control B. subtilis strain that only contains the 
pHYcrtMN plasmid was also used. It is worth to mention that when the control 
strain was combined with the empty pHB201 or pHCMC04G vectors, it 
produced the same amount of carotenoids. The crtN gene responsible for 
conversion of 4,4′-diaponeurosporene to 4,4′-diapolycopene has low activity in B. 
subtilis, hence the low levels of 4,4′-diapolycopene produced [2]. 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 5.), this is in 
accordance with the difference in stability between the pHB201 and pHCMC04G 
constructs.  In addition, the pHCMC04G construct expressing all eight genes of the 
MEP pathway (p04SDFHCEGA) produced approximately 21 mg/g dcw of 
total carotenoids which is double the amount produced by the constructs 
expressing only four genes of the pathway (p04SDFH and p04CEGA). 

Figure 5. Total amount of carotenoids produced by B. subtilis 168 strains containing pHB201 
or pHCMC04G constructs overexpressing MEP pathway genes. 

The amount of carotenoids was represented as mg/g of dry cell weight. 
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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 ensure equal expression level of all 
genes in the operon. Since B. subtilis genome contains a copy of the MEP pathway 
genes, designing primers specific for each gene won’t allow differentiation between the 
expression levels of the chromosomal and plasmid genes. Hence, primers overlapping 
between 2 genes at the beginning (SD), middle (HC) and end (GA) of the operon were 
designed to avoid amplifying the chromosomal genes. The expression level of each 
target fragment was represented as the logarithmic of absolute copy number per unit 
input total cDNA (10 ng). The level of expression of the genes at the beginning, middle 
and end of the p04SDFHCEGA operon was nearly similar (Figure 6.) indicating that 
the single promotor was effective in controlling the expression of the whole operon in 
pHCMC04G vector and the transcripts are intact. 

Figure 6. 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. 
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Discussion 

Standardized and efficient genetic tools are a prerequisite for metabolic engineering of 
microorganisms. B. subtilis has been widely used as a cell factory for bulk production of 
commercial enzymes[8, 24]. In the last decades, B. subtilis has gained the attention as a 
model organism for metabolic engineering aiming at the production of 
pharmaceutically important compounds. The need for a straight forward competent 
cloning strategy in a stable expression system is essential so that B. subtilis can reach its 
full potential as a cell factory. 

The cloning strategy reported here allowed the insertion of multiple genes into a single 
operon controlled by the same promotor. Two vectors with different promotors and 
mode of replication were tested. 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. It also permitted the cloning of B. subtilis mntA ribosomal 
binding site before each gene. The presence of a his-tag at the end of the operon made 
it possible to purify each cloned gene and evaluate its expression on Western blot using 
anti-his antibodies. After confirming the expression of each gene, the next gene in the 
series can be inserted. This strategy allowed for consecutive insertion of genes in 
separate steps where the expression of each inserted gene is confirmed before the 
cloning of the following gene. Hence, expression problems can be avoided when the 
final operon with all the required genes is assembled. This cloning strategy can be 
customized for any microorganism and any vector by changing the RBS and restriction 
sites when necessary. 

After the success of the cloning, the next step would be finding the most stable 
expression vector in B. subtilis. Two different vectors, pHB201 and pHCMC04G, were 
evaluated. pHB201 is a rolling circle replication (RCR) plasmid which replicates by 
creating single-stranded DNA as an intermediate. RCR plasmids usually suffer from 
structural instability where recombination of short direct repeats present within this 
single-stranded DNA may lead to the deletion of one of the repeats along with the 
superseding DNA. In addition, pHB201 is a high-copy number plasmid and lacks 
active partitioning during replication which make its prone to segregational instability 
causing loss of the entire plasmid population from a cell[17, 29, 30]. In our study, 
constructs of pHB201 with size up to 10 Kb were structurally stable where they showed 
no deletions in their sequences and consistent expression of the cloned genes while 
constructs larger than 10 Kb showed deletions and mutations in their sequences. This 
conclusion is based on sequencing the isolated plasmid from different colonies after the 
10th growth generation. The percentage of colonies with correct sequence was higher 
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for constructs with one or two genes such as p201S, p201C, p201SD and p201CE, this 
percentage started to decrease by the insertion of the third gene. Finally, the constructs 
with four genes, p201SDFH and p201CEGA, showed that the percentage of the 
colonies with correct sequence dropped to 57 % and 62 %, respectively. Also, the four 
gene construct of pHB201 showed significant segregational instability. It is noteworthy 
to mention that the instability of pHB201 is mainly due to its rolling circle replication 
and not the use of strong constitutive promotor, where pHB201 showed the same 
pattern of instability when a xylose or IPTG inducible promotor was used instead. In 
the search for more stable expression vectors, the theta-replication based plasmids, 
pHCMC04G, was evaluated. 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 segregationally stable up to a size of 50 Kb compared to RCR plasmids 
in which nucleic acid replication is unidirectional leading to instability[20, 30-32]. The 
pHCMC04G constructs up to eight genes and 16.5 Kb in size mostly showed fully 
aligned sequences with no deletions and reproducible gene expression indicating their 
structural stability. Sequencing of the p04SDFHCEGA construct indicated that 90 % of 
the colonies retained the correct sequence of the operon. In addition, both four and 
eight gene pHCMC04G constructs showed consistent segregational stability up to 100 
generations.  

These findings were further confirmed by comparing the total amount of carotenoids 
produced in B. subtilis strains containing pHB201 or pHCMC04G constructs 
overexpressing MEP pathway genes. The pHB201 strain over expressing dxs, ispD, 
ispH, and ispF produced 6 mg/g dcw of total carotenoids which is almost half the 
amount formed by the pHCMC04G strain (10 mg/g dcw). Similar pattern can be seen 
in the strains overexpressing ispC, ispE, ispG, and ispA, where the pHB201 strain 
produced 5 mg/g dcw compared to the 11 mg/g dcw of the pHCMC04G strain. This 
decrease in carotenoid production is probably due to instability of the pHB201 
constructs overexpressing MEP pathway genes leading to less precursors available for 
production of carotenoids. 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. This amount of C30 carotenoids produced has 
never been reported before. However, for the production of C40 carotenoids such as 
lycopene 7.55 mg/g dcw in Escherichia coli[33] and 24.41 mg/g dcw in Saccharomyces 
cerevisiae[34], β-carotene 20.79 mg/g dcw in S.s cerevisiae[35], zeaxanthin 11.95 mg/g dcw 
in E. coli[36] or astaxanthin 8.64 mg/g dcw in E. coli[37] and 8.10 mg/g dcw in S. 
cerevisiae[38] similar amounts have been reported. Hence, the generated B. subtilis strain 
can be used to produce C30 carotenoids such as squalene in addition to all different 
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types of isoprenoids. B. subtilis possesses an advantage over E. coli as it is considered a 
GRAS organism while E. coli is not, also B. subtilis has faster growth rate compared to 
S. cerevisiae making it a preferred choice as a cell factory.

Finally, RT-qPCR was used to analyze the level of expression of the different genes in 
the operon. The results showed 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. 

In conclusion, we introduced a cloning strategy that allows the efficient and easy 
insertion of numerous genes into a single operon while ensuring the proper expression 
of each gene before cloning the next gene in the series. The number of genes stably 
cloned depend largely on the expression vector chosen. For B. subtilis, expression 
vector pHCMC04G can be successfully used for multiple protein expression where it 
provides a stable controllable system. This strategy was used to construct a B. subtilis 
strain overexpressing the whole MEP pathway (p04SDFHCEGA) in a stable manner. In 
the future, p04SDFHCEGA strain can be used as a cell factory for isoprenoid products 
biosynthesized by the MEP pathway. This is the first report of the expression of the 
complete MEP pathway in a plasmid based system in B. subtilis where it was proved 
that such a large operon can be stably expressed. It is worthwhile to mention that the 
introduced plasmid based expression system is faster and more effective than 
integrating multiple copies of the MEP pathway in the B. subtilis chromosome. B. 
subtilis already has an inherent copy of the MEP pathway genes in its genome which 
makes integrating extra copies of the MEP pathway into the chromosome difficult. In 
addition, the plasmid system allows for production of multiple copies of each gene. 
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