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Background: [3-carotene is a carotenoid compound that has been widely used not only in the industrial production of
pharmaceuticals but also as nutraceuticals, animal feed additives, functional cosmetics, and food colorants. Currently,
more than 90% of commercial 3-carotene is produced by chemical synthesis. Due to the growing public concern over
food safety, the use of chemically synthesized (3-carotene as food additives or functional cosmetic agents has been
severely controlled in recent years. This has reignited the enthusiasm for seeking natural 3-carotene in large-scale

Results: To increase (-carotene production by improving the isopentenyl pyrophosphate (IPP) and gerany!
diphospate (GPP) concentration in the cell, the optimized MEP (methylerythritol 4-phosphate) pathway containing
1-deoxy-D-xylulose-5-phosphate synthase (DXS) and isopentenyl pyrophosphate isomerase (FNI) from Bacillus subtilis,
geranyl diphosphate synthase (GPPS2) from Abies grandis have been co-expressed in an engineered E. coli strain.
To further enhance the production of (-carotene, the hybrid MVA (mevalonate) pathway has been introduced
into an engineered E. coli strain, co-expressed with the optimized MEP pathway and GPPS2. The final genetically
modified strain, YJM49, can accumulate 122.4+6.2 mg/L B-carotene in flask culture, approximately 113-fold and 1.7
times greater than strain YJM39, which carries the native MEP pathway, and YJM45, which harbors the MVA pathway
and the native MEP pathway, respectively. Subsequently, the fermentation process was optimized to enhance
B-carotene production with a maximum titer of 256.8410.4 mg/L. Finally, the fed-batch fermentation of (3-carotene
was evaluated using the optimized culture conditions. After induction for 56 h, the final engineered strain YJM49
accumulated 3.2 g/L B-carotene with a volumetric productivity of 0.37 mg/(L-h-ODggo) in aerobic fed-batch
fermentation, and the conversion efficiency of glycerol to 3-carotene (gram to gram) reached 2.76%.

Conclusions: In this paper, by using metabolic engineering techniques, the more efficient biosynthetic pathway
of 3-carotene was successfully assembled in E. coli BL21(DE3) with the optimized MEP (methylerythritol 4-phosphate)
pathway, the gene for GPPS2 from Abies grandis, the hybrid MVA (mevalonate) pathway and (3-carotene synthesis

Background

[-carotene is a carotenoid compound that has been widely
used not only in the industrial production of pharmaceuti-
cals but also as nutraceuticals, animal feed additives, func-
tional cosmetics, and food colorants [1]. Currently, more
than 90% of commercial B-carotene is produced by chemical
synthesis [2]. Due to the growing public concern over food
safety, the use of chemically synthesized [-carotene as
food additives or functional cosmetic agents has been
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severely controlled in recent years. This has reignited the en-
thusiasm for seeking natural p-carotene in large-scale fer-
mentative production by Blakeslea trispora, a Rhodotorula
glutinis mutant and the microalga Dunaliella salina [3-6].
Due to the availability of carotenoid genes from caro-
tenogenic microbes, an alternative means of p-carotene
production involves the heterologous expression of the
[-carotene biosynthetic genes in non-carotenogenic mi-
crobes, e.g., Escherichia coli, Zymomonas mobilis, Candida
utilis, and Saccharomyces cerevisiae [7]. Particularly, E. coli
can serve as an excellent host for B-carotene produc-
tion because of its powerful genetic tools for metabolic
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engineering and fast growth rate, and it has been success-
fully used in the production of various carotenoids, such
as lycopene, astaxanthin and zeaxanthin [8-10].

With the rapid development of biocatalysis, [3-carotene
production through biosynthetic methods has become an ac-
tive field, and several studies regarding genetic modification
to enhance microbial production of B-carotene or caroten-
oids have been reported. Yoon S.H. et al. demonstrated
that the production of 102 mg/L lycopene and 503 mg/L
[-carotene was obtained from recombinant E. coli using
the bottom portion of the MVA pathway of Streptococcus
pneumoniae with exogenous supplementation of MVA
[11]. To further improve the production of B-carotene, the
whole MVA pathway and [-carotene synthesis genes
were introduced into recombinant E. coli DH5q, and it
produced 465 mg/L [-carotene at a glycerol concentration
of 2% (w/v) [2]. This genetic modification was also per-
formed on Saccharomyces cerevisiae harboring the native
MVA pathway, which co-expressed the carotenogenic
genes of Xanthophyllomyces dendrorhous with the mvaK1l
(mevalonate kinase) gene from Staphylococcus aureus
to enhance [B-carotene production. This combination
led to the production of 14.3 mg of P-carotene per
liter in complex YPD medium [12]. Using a decentra-
lized assembly strategy, a controllable -carotene bio-
synthetic pathway was constructed in Saccharomyces
cerevisiae, and the final engineered strain could accu-
mulate 11 mg/g DCW of total carotenoids (72.57 mg/L)
and 7.41 mg/g DCW of B-carotene in shaking flasks [13].
The above results also indicated that, as a host for
[B-carotene production, E. coli proves to be superior to
Saccharomyces cerevisiae.

However, to date, the B-carotene yield remains unsatis-
factory and unable to meet industrial demands. Therefore,
further strain improvement, by metabolic engineering, is
required. In this paper, the B-carotene metabolic pathway’s
efficiency has been largely improved as follows. First, to
increase -carotene production by improving the IPP and
GPP concentration in the cell, the optimized MEP path-
way containing 1-deoxy-D-xylulose-5-phosphate synthase
(DXS) and isopentenyl pyrophosphate isomerase (FNI) from
Bacillus subtilis, geranyl diphosphate synthase (GPPS2)
from Abies grandis were co-expressed in an engineered
E. coli strain. Second, to further enhance the production
of B-carotene, the hybrid MVA pathway [14] was intro-
duced into an engineered E. coli strain, co-expressed with
the optimized MEP pathway and geranyl diphosphate
synthase (GPPS2). The final genetically modified strain,
YJM49, could accumulate 122.4+6.2 mg/L p-carotene in
flask culture, approximately 113 and 1.7 times greater
than strain YJM39, which carries the native MEP pathway,
and YJM45, which harbors the MVA pathway and the
native MEP pathway, respectively. After culture condi-
tion optimization, the final engineered strain could
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accumulate 256.8+10.4 mg/L and 3.2 g/L [B-carotene
under flask cultivation and fed-batch fermentation condi-
tions, respectively.

Results and discussion

The biosynthesis of B-carotene using the optimized MEP
pathway in engineered E. coli

All carotenoids, including [-carotene, are produced via the
common precursors isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP), which are synthesized
through either the well-characterized mevalonate (MVA)
pathway or the recently discovered non-mevalonate path-
way (MEP) [15] (Figure 1). One of the rate-controlling steps
in the heterogeneous carotenoid biosynthesis is the supply
of IPP and DMAPP [16-18]. In a previous study, DXS en-
zyme was proven to be the first rate-limiting step of the
MEP pathway, and overexpression of DXS enzyme could
improve the production of isoprenoid [19-21]. Hence,
to enhance the supply of IPP and DMAPP for the pro-
duction of B-carotene, the heterologous dxs gene from
Bacillus subtilis was overexpressed in E. coli BL21(DE3)
containing the plasmid pAC-BETA. As shown in Figure 2A,
a noticeable difference in [B-carotene production was
observed. The E. coli strain YJM40 (E. coli BL21(DE3)/
pAC-BETA, pYJM40) produced 2.24+0.1 mg of pB-
carotene per liter of bacterial culture, which was ap-
proximately 2-fold higher than that produced by the
strain YJM39 (1.08+0.07 mg/L, E. coli BL21(DE3)/pAC-
BETA), and the E. coli strain carrying no plasmid gener-
ated no detectable -carotene.

Isopentenyl diphosphate (IPP) isomerase catalyzes the
reversible interconversion of IPP to DMAPP and pos-
sesses two types of IPP isomerase that show no similarity
in their amino acid sequences [22,23]. Type I IPP isomer-
ase (IDI-1) utilizes a divalent metal in a protonation-
deprotonation reaction, whereas type II IPP isomerase
(IDI-2) requires reduced flavin [24]. In previous reports,
type II IDI was shown to perform more efficiently for iso-
prenoid production than type I IDI [22,25]. Therefore, to
further increase the production of B-carotene, the FNI
enzyme (isopentenyl diphosphate isomerase), a type II
IPP isomerase from Bacillus subtilis, was overexpressed
in YJM40 (E. coli BL21(DE3)/pAC-BETA, pYJMA40).
As shown in Figure 2A, the strain YJM41, containing
plasmids pYJM41 and pACY-BETA could accumulate
5.2+0.2 mg/L B-carotene, which was 4.8 and 2.3 times
greater than the levels produced by YJM39 and YJM40,
respectively. This result demonstrated that the exogen-
ous expression of the DXS and FNI enzymes contrib-
uted to the increased P-carotene production. Thus, the
biosynthetic pathway for -carotene production was suc-
cessfully constructed using the native MEP pathway, the
foreign DXS and FNI enzyme from Bacillus subtilis and
[-carotene synthesis genes from Erwinia herbicola.
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Figure 1 Biosynthesis of B-carotene via both the MEP and MVA pathways used in this study. DMAPP and IPP, precursors for (3-carotene
biosynthesis are synthesized via both the MEP and MVA pathways. The MVA pathway was divided into two portions, the upper (acetyl-CoA to MVA)
and lower (MVA to IPP and DMAPP). The upper portion is composed of the mvak (acetyl-CoA acetyltransferase), mvaS (HMG-CoA synthase) and mvak
(HMG-CoA reductase) genes, which are from E. faecalis, while the lower is composed of the Erg12 (mevalonate kinase), Erg8 (phosphomevalonate
kinase), Erg19 (diphosphomevalonate decarboxylase) and idil (IPP isomerase) genes, which are from S. cerevisiae. DMAPP and IPP are converted to
GPP by IspA (GPP/FPP synthase) from E. coli and by GPPS2 (GPP synthase) from A. grandis. FPP is transformed into B-carotene via the foreign
carotenoid synthesis pathway which includes crtE (GGPP synthase), crtB (phytoene synthase), crt/ (phytoene desaturase) and crtY (lycopene
cyclase) from E. herbicola. dxs (DXP synthase) and fni (IPP isomerase) genes from B. subtilis. Abbreviations: G-3-P, glyceraldehyde-3-phosphate; DXP,
1-deoxy-d-xylulose-5-phosphate; MEP, 2-C-methyl-d-erythritol-4-phosphate; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; IPP, isopentenyl diphosphate;
DMAPP, dimethylallyl diphosphate; GPP, geranyl diphosphate; FPP, farnesyl diphosphate; GGPP, geranylgerany! diphosphate.

The effect of the GPPS enzyme on the production of
B-carotene using the MEP pathway

Geranyl diphosphate (GPP), which is an important meta-
bolic precursor of carotenoids, is derived from the con-
densation of dimethylallyl diphosphate and isopentenyl
diphosphate and is catalyzed by GPP synthase [26]. In this
paper, the GPP enzymes of Abies grandis and E. coli were
tested for their ability to enhance the supply of GPP and
increase -carotene production.

The IspA gene from E. coli and the GPPS2 gene from
A. grandis were cloned into the plasmid pETDuet-1
along with the dxs and fui genes from B. subtilis to cre-
ate the plasmids pYJM42 or pYJM43, respectively. These
plasmids were subsequently introduced into E. coli BL21
(DE3)/pAC-BETA to screen for the GPP synthase. The
strains YJM42 and YJM43 were cultured in 500-ml shake-
flasks with 200 mL fermentation medium. When each
culture reached an ODgg, of 0.6-0.9, expression of the
heterologous genes was induced with 0.25 mM IPTG,

and the culture was further incubated at 30°C for 24 h. A
significant difference in the [3-carotene concentration was
found between the two strains. The strain YJM43 pro-
duced 15.2+0.4 mg/L B-carotene, while the strain YJM42
produced 7.86+0.2 mg/L (Figure 2B). This result demon-
strates that the exogenous expression of GPPS contributed
to the -carotene production, and the GPPS enzyme from

A. grandis (GPPS2) is more efficient than the one from

E. coli (IspA) for producing higher levels of p-carotene,
which was in line with the production of other terpenes
such as a-pinene and sabinene in previous studies [27,28].

The biosynthesis of B-carotene using the MVA pathway in
engineered E. coli

Although much progress in B-carotene production using
the MEP pathway has been made, this approach is still suf-
fering from limitations due to the regulatory mechanisms
present in the native host [29]. To circumvent the native
limitations of the MEP pathway, a hybrid exogenous MVA
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Figure 2 The effect of enzymes from the MEP pathway and GPP synthase on -carotene production. A: The effect of enzymes from MEP
pathway on B-carotene production. YJM40 containing the DXS enzyme from B. subtilis, YJM41 containing DXS and FNI enzymes from Bacillus
subtilis; B: The effect of GPP synthase on (-carotene production. YJM42 harboring IspA from E. coli, YIM43 bearing GPPS2 from A. grandis. All the

YJM43

pathway [14], which was proved to be effective in supply-
ing the precursors DMAPP and IPP, was introduced into
E. coli to enhance the production of 3-carotene.

To verify the effect of the hybrid MVA pathway on the
production of -carotene, the recombinant strains YJM44
(E. coli BL21(DE3) harboring the hybrid MVA pathway,
pAC-BETA), YJM43 (E. coli BL21(DE3) carrying the opti-
mized MEP pathway and GPPS2, pAC-BETA) and YJM39
(E. coli bearing the native MEP pathway, pAC-BETA)
were cultured in fermentation medium under shake-flask

conditions. The p-carotene titer of strain YJM44 reached
52.6+1.5 mg/L after being induced by 0.25 mM IPTG for
24 h (Figure 3A). The titer was approximately 49-fold and
3.5-fold higher than that of the strains YJM39 and YJM43,
respectively, when cultured under the same conditions.
These results suggest that the hybrid MVA pathway re-
sulted in a huge increase in [B-carotene production.

To further enhance B-carotene production, the expres-
sion level of the MVA upper pathway genes from E. faeca-
lis was optimized using different plasmid vectors, which
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contained different copy numbers and promoters. As
shown in Figure 3B, the MVA upper pathway genes
achieved much higher -carotene production when under
the control of the T7 promoter (YJM44) instead of the
araBAD promoter (YJM46). Using a low copy number
plasmid, strain YJM45 achieved the highest [B-carotene
production (71.4+4.3 mg/L), which was 1.36-fold higher
than the level produced by YJM44 using a high copy num-
ber plasmid.

The biosynthesis of B-carotene using the MVA and MEP
pathways in engineered E. coli

To improve p-carotene production, the optimized MEP
and MVA pathways were co-expressed in E. coli. The
fui, dxs and GPPS2 genes were introduced into the
pCol-mvaE-mvaS plasmid to form pYJM49. Then, plas-
mid pYJM49 was co-expressed in E. coli BL21(DE3) har-
boring the plasmids pYJM14 and pAC-BETA to create
strain YJM49. The strain YJM49 was cultured in 500-ml
shake-flasks. When the culture reached an ODgq of 0.6,
expression of the MEP and MVA pathway genes was in-
duced with 0.25 mM IPTG, and the culture was further
incubated at 30°C for 24 h. As shown in Table 1, the
E. coli strain YJM49 produced 122.4+6.2 mg of B-carotene
per liter of bacterial culture, which was approximately
113-fold and 1.7-fold higher than that produced by strains
YJM39 (1.08+0.07 mg/L), which carried the native MEP
pathway, and YJM45 (71.4+4.3 mg/L), which harbors
the MVA pathway and the native MEP pathway, re-
spectively. This result indicated that co-expression of the
optimized MEP and MVA pathways in engineered E. coli
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could result in a considerable increase in [-carotene
production.

Optimization of culture conditions

Optimization of culture conditions is a useful method to
enhance quality and quantity of B-carotene production.
The culture conditions that can be optimized are the ni-
trogen source, which can provide trace nutrition for mi-
croorganisms [30], the type of carbon source, which can
affect the concentration of intracellular acetyl-CoA (a
starting metabolite for carotenoid synthesis) [31], the
level of IPTG, which can adjust the extent of the meta-
bolic burden imposed on the cell [32], and the cultiva-
tion temperature, which can balance enzyme expression,
cell growth and product formation [33].

In this study, to improve [-carotene yield, the organic ni-
trogen source, carbon source, induction temperature and
IPTG concentration were optimized using the “one-factor
at-a-time” optimization strategy (Figure 4). The highest
B-carotene production (256.8+10.4 mg/L) was achieved
when the YJM49 strain was cultivated in fermentation
medium containing 20 g/L glycerol as a carbon source,
10 g/L beef powder as an organic nitrogen source and in-
duced with 0.05 mM IPTG at 34°C. This optimization re-
sulted in an approximately 2-fold increase in [-carotene
production.

In this paper, using glycerol as a carbon source greatly
improved [B-carotene production, which may be a result
of a higher acetate concentration in the cultures contain-
ing glucose than in the cultures containing glycerol.
The high concentration of acetate acts as an inhibitory
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Figure 3 The effect of the metabolic pathway and expression level of the MVA upper pathway on B-carotene production. A: The effect
of metabolic pathway on {3-carotene production. The pathway details were described in Figure 1. The 3-carotene titer of strain YJM44 harboring
the hybrid MVA pathway reached 52.6+1.5 mg/L, which was approximately 49-fold and 3.5-fold higher than that of strains YJM39, which bears
the native MEP pathway, and YJM43, which carries the optimized MEP pathway with the overexpression of the DXS and FNI enzymes from B. subtilis
and the GPPS2 enzyme from A. grandis, respectively. B: The effect of expression level of the MVA upper pathway on 3-carotene production. The MVA
upper pathway under the control of the T7 promoter (YJM44) achieved much higher (-carotene production than it did under the control of
the araBAD promoter (YJM46). The strain YJM45, using a low copy number plasmid, reached the highest B-carotene production (71.4+4.3 mg/L).
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Table 1 B-carotene production by E. coli strains harboring
different metabolic pathways under flask conditions

Strains (pathway) B-Carotene (mg/L) Fold
YIM49 (MVA+the optimized MEP+GPPS2)  122.4+6.2 113
YIM45 (MVA+the native MEP) 71443 66
YJIM39 (the native MEP) 1.08+0.07 1

The experiment was performed in triplicate.

metabolite, lowering [-carotene production. Meanwhile,
glucose, a readily metabolizable carbon source, has been
reported to catabolically repress the T7 promoter for
the whole MVA pathway and the trc¢ promoter for the
[B-carotene synthesis pathway [34].

Fed-batch fermentation
We performed the fed-batch fermentation based on the
results obtained with the flask cultures. The fermentations
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were conducted under aerobic condition using YJM49
and a fermentation medium containing glycerol as above.
Glycerol was added continuously when the initial carbon
source was exhausted which was indicated by the sharp
rise of DO. Cell density and [-carotene accumulation were
monitored over the course of the fermentation (Figure 5).
Figure 5 shows the time profile for the cell density and
[-carotene production for 80-h fed-batch fermentations. For
approximately 44 h post-induction, the bacteria grew quickly
to an ODgy of 40, and the titer of B-carotene increased grad-
ually along with the bacterial cell growth. The highest
[-carotene production, 3.2 g/L, was obtained after induction
for 52 h. This production rate corresponds to a volumetric
productivity of 0.37 mg/(L - h- ODgq), and the conversion
efficiency of glycerol to B-carotene (gram to gram) reached
2.76%. The above results obtained under the fermentor
level demonstrated that this engineered E. coli strain had
the potential to produce -carotene on a large scale.
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Figure 4 The effects of fermentation source and culture conditions on B-carotene production by YJM49. A: The effect of nitrogen sources
on {3-carotene production. B: The effect of carbon sources on (-carotene production. C: The effect of induction temperatures on [3-carotene
production. D: The effect of inducer concentration on B-carotene production. When ODgqq reached 0.6-0.9, cultures were induced for

48 h using IPTG in shake-flasks. All the experiments were carried out in triplicates. Optimized conditions: Nitrogen sources, beef power;
Carbon source, glycerol; Temperature, 34°C; IPTG concentration, 0.05 mM.
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carried out at an ODgg of 12. Other experimental conditions were described in ‘Fed-batch fermentation’.

Compared with the B-carotene pathway constructed
by Yoon S.H. et al. [2], the optimized MEP pathway con-
taining dxs and fni genes from B. subtilis and the GPPS2
gene from A. grandis were used in our engineered strain.
The dxs and fni genes were used to increase the IPP and
DMAPP content, and the overexpression of the GPPS2
gene improved the GPP concentration. Our experimen-
tal data showed that increasing the cellular concentra-
tion of IPP, DMAPP and GPP could lead to an increase
in p-carotene accumulation.

Despite the progress already achieved in microbial
[B-carotene production, some problems still remained un-
solved. One problem is the retardation of cell growth
resulting from the overexpression of many heterologous
genes. This problem could be solved by employing a
chromosome integration technique to decrease the cell
growth burden on the host, which results from the overex-
pression of heterologous genes [35,36]. Another problem
is how to regulate suitable expression levels for many of
the genes in the metabolic pathway. A possible solution is
to seek the natural sensor for the key intermediate of MVA
or other metabolic products, and then to develop a
dynamic sensor-regulator system (DSRS), which could
dynamically regulate the expression of genes involved in
target product synthesis and balance metabolism [37]. Fi-
nally, the supply of NADPH is insufficient in the cell may
limit the synthesis of the end product, which can be solved
by activating the pentose phosphate pathway (PPP) and
Entner-Doudoroff pathway (ED) [38].

Conclusions
In this study, we improved microbial p-carotene produc-
tion from glycerol by using the optimized MEP and MVA

pathways and the culture condition optimization. When
dxs, fni, GPPS2, and the whole MVA pathway were co-
expressed, the final engineered YJM49 strain accumulated
3.2 g/L B-carotene from glycerol in an aerobic fed-batch
fermentation, and the conversion efficiency of glycerol
to B-carotene (gram to gram) reached 2.76%. This is
the highest level of -carotene produced from inexpensive
carbon sources yet reported.

Methods

Bacterial strains, plasmids, and growth conditions

All strains and plasmids used in this study are listed in
Table 2. E. coli BL21(DE3) (Invitrogen, Carlsbad, CA)
was used as the host to overexpress proteins and produce
B-carotene. Cultures were grown aerobically at 37°C in
Luria Broth (per liter: 10 g Difco tryptone, 5 g Difco yeast
extract and 5 g NaCl). For -carotene production, recom-
binant strains were cultured in shake-flask or fed-batch
fermentation with the initial fermentation medium con-
taining glucose 20 g/L, K;HPO, 9.8 g/L, beef extract 5 g/L,
ferric ammonium citrate 0.3 g/L, citric acid monohydrate
2.1 g/L, MgSO,4 0.06 g/L and 1 mL trace element so-
lution which includes (NHg)gMo0,0,4-4H,0O 0.37 g/L,
ZnSO,-7H,0 0.29 g/L, H3BO, 247 g/L, CuSO,-5H,0
0.25 g/L, and MnCl, - 4H,O 1.58 g/L. If necessary, appro-
priate antibiotics were added to the culture medium at the
following concentration: ampicillin (Amp, 100 pg/mL),
kanamycin (Kan, 50 pg/mL), and chloramphenicol (Cm,
34 pug/mL).

Plasmid construction
Common procedures were performed according to stand-
ard protocols of Sambrook et al. [41]. Polymerase chain
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Table 2 Strains and plasmids used in this study
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Name Relevant characteristics References
Strains
E.coli BL21(DE3) F~ ompT hsdSg (rs"mg™) gal dcm rne131 NDE3) Invitrogen
E.coli DH5a deoR, recAl, endA1, hsdR17(rk-mk+), phoA, supE44, \-, thi-1, gyrA96, relA1 Takara
YIM39 E.coli BL21(DE3)/pAC-BETA This study
YJM40 E.coli BL21(DE3)/pYIM40, pAC-BETA This study
YIM41 E.coli BL21(DE3)/pYJM41, pAC-BETA This study
YIM42 E.coli BL21(DE3)/pYJM42, pAC-BETA This study
YIM43 E.coli BL21(DE3)/pYIM43, pAC-BETA This study
YIM44 E.coli BL21(DE3)/pYJM44, pYIM14, pAC-BETA This study
YIM45 E.coli BL21(DE3)/pYJM45, pYIM14, pAC-BETA This study
YIM46 E.coli BL21(DE3)/pYIM46, pYIM14, pAC-BETA This study
YIM49 E.coli BL21(DE3)/pYIM49, pYIM14, pAC-BETA This study
Plasmids
pETDuet-1 PBR322 ori, lacl T7lac, Amp" Novagen
pET-28a(+) pBR322 ori, lacl T7lac, Kan" Novagen
pCOLADuet-1 ColA ori, lacl T7lac, Kan" Novagen
pBAD 18 pBR322 ori, araBAD, Amp' [34]
pTrcHis2B PBR322 origin, Amp" Invitrogen
pYIM14 pTrcHis2B carrying ERG12, ERG8, ERG19 and IDI1 from Saccharomyces cerevisiae [39]
pAC-BETA pACYC184 carrying crtE, crtB, crtl and crtY from Erwinia herbicola [40]
pYJM40 pETDuet-1 carrying dxs from Bacillus subtilis This study
pYJM41 pETDuet-1 carrying dxs and fni from Bacillus subtilis This study
pYJM42 pETDuet-1 carrying dxs and fni from Bacillus subtilis, ispA from E.coli BL21(DE3) This study
pYJM43 pETDuet-1 carrying dxs and fni from Bacillus subtilis, GPPS2 from Abies grandis This study
pYJM44 pET-28a(+) carrying mvak and mvas from Enterococcus faecalis This study
pYJM45 pCOLADuet-1 carrying mvat and mvas$ from Enterococcus faecalis This study
pYJM46 pBAD18 carrying mvak and mvas from Enterococcus faecalis This study
pYJM47 pCOLADuet-1 carrying mvak and mvas from Enterococcus faecalis, fni from Bacillus subtilis This study
pYJM48 pCOLADuet-1 carrying mvak and mvas from Enterococcus faecalis, fni from Bacillus subtilis, This study
GPPS2 from Abies grandis
pYJM49 pCOLADuet-1 carrying mvat and mvas from Enterococcus faecalis, dxs and fni from Bacillus subtilis, This study

GPPS2 from Abies grandis

reaction (PCR) was carried out using Pfu DNA polymer-
ase (TaKaRa, Dalian, China) following the manufacturer’s
instructions.

Construction of the plasmids for the optimized MEP
pathway of B-carotene synthesis

The dxs gene was obtained by PCR using the primers
dxs-F (5'-CATGCCATGGGCGATCTTTTATCAATAC
AGGACC-3") and dxs-R (5'- CGCGGATCCTCATGAT
CCAATTCCTTTGTGT-3") and Bacillus subtilis genomic
DNA as a template. The isolated dxs gene fragment was
excised using Ncol and BamH]I, followed by insertion into
the corresponding sites in the vector pETDuet-1 to create

pYJM40. The fui gene was obtained by PCR using the
primers fni-F (5'-GGAAGATCT CACTCGAGCAGAAC
GAAA AAGA-3’) and fni-R (5'-C GGGGTACCTTATC
GCACACTATAGCTTGA-3") and Bacillus subtilis gen-
omic DNA as a template. The isolated fui gene fragment
was excised using BglIl and Kpnl, followed by insertion
into the corresponding sites of the vector pYJM40 to cre-
ate pYJM41.

The IspA gene was obtained by PCR using the primers
IspA-F (5'-GGGAATTCCATATGAAGGAGGAAAAAA
ACATGGACTTTCCGCAGCAACTC-3’) and IspA-R (5'-
GGAAGATCTTTATTTATTACGCTGGATGATGT-3")
and E. coli BL21(DE3) genomic DNA as a template. The
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isolated IspA gene fragment was excised using BglII and
Ndel, followed by insertion into the corresponding sites of
the vector pYJM41 to create pYJM42.

The geranyl diphosphate synthase (GPPS2) gene (GenBank
No. AF513112) from Abies grandis was analyzed by on-
line software (http://www.genscript.com/cgi-bin/tools/rare_
codon_analysis) and optimized to the preferred codon
usage of E. coli (http://www.jcat.de/). The codon-optimized
GPPS?2 gene was synthesized by Genray Company with the
plasmid pGH as the vector (named pGH/GPPS2). The
GPPS?2 gene fragment was obtained by digestion of pGH/
GPPS2 with Ndel and BglII and then ligated into the corre-
sponding sites of pYJM41 to create pYJM43 (Figure 6A).
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Construction of plasmids for the MVA pathway of
B-carotene synthesis
The mvaE-mvaS gene fragment was obtained by PCR using
the primers mvaE-F (5'-CATGCCATGGAGGAGGTAAA
AAAACAATGAAAACA-3") and mvaE-R (5'- CGCGGA
TCCTTAGTTTCGATAAGAGCGAACGGT-3") and plas-
mid pYJM20 [14] as a template. The purified mvaE-mvaS
gene fragment was excised using Ncol and BamHI,
followed by insertion into the corresponding sites of the
vector pET-28a(+) or pCOLADuet-1 to create pYJM44 or
pYJM45 (Figure 6B), respectively.

The mvaE-mvaS-1 gene fragment was obtained by PCR
using the primers mvaE -F1 (5'-CCGCTCGAGAGGAG

Ncol

BamH |

Ndel

Balll

Kpn |

Aatll

Ncol

Balll

~

Ncol

lacl

pYJM45

ColA ori 7291 bp

BamH |

Sacl

Ndel

C

Figure 6 Main plasmids used in this study. (A) represented the plasmid pYJM43 harboring dxs and fni from Bacillus subtilis, GPPS2 from Abies
grandis; (B) represented the plasmid pYJM45 carrying mvak and mvas from Enterococcus faecalis; (C) represented the plasmid pYJM49 containing
mvak and mvas from Enterococcus faecalis, dxs and fni from Bacillus subtilis, GPPS2 from Abies grandis.
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GTAAAAAAACAATGAAAACA-3") and mvaE-R1 (5'-G
GAAGATCTTTAGTTTCGATAAGAGCGAACGGT-3")
and plasmid pYJM20 [14] as a template. The purified
mvaE-mvaS-1 gene fragment was digested by Xhol and
BgllI, followed by insertion into the corresponding sites of
the vector pBAD18 to create pYJM46.

Plasmid pYJM14 was constructed based on pTrcHis2B
by introducing ERG8, ERGI12, ERGI9 and IDI1 from
S. cerevisiae [39].

The plasmid pAC-BETA, kindly provided by Dr Francis
X. Cunningham Jr, was used to produce p-carotene. The
plasmid pAC-BETA contains all of the genes required for
the synthesis of B-carotene, including crtE [GGPP (gera-
nylgeranyl pyrophosphate) synthase], crtB (phytoene syn-
thase), crtl (phytoene desaturase) and crtY (lycopene
cyclase) from Erwinia herbicola [40], and retains a chlor-
amphenicol resistance gene.

Construction of the plasmids for 3-carotene synthesis
with the MEP and MVA pathways

The fni-1 gene was obtained by PCR using the primers
fni-F1 (5'- CGCGGATCC AAGGAGATGACTCGAGC
AGAACGAAAAAGA-3’) and fni-R1 (5'-CTAGGAG C
TCTTATCGCACACTATAGCTTGA-3") and Bacillus sub-
tilis genomic DNA as a template. The isolated fii-1 gene
fragment was excised using BamHI and Sacl, followed by
insertion into the corresponding sites of the vector pYJM45
to create pYJM47.

The GPPS2 gene fragment was obtained by digestion of
pGH/GPPS2 with Ndel and BglIl and was then ligated
into the corresponding sites of pYJM47 to create pYJM48.

The dxs-1 gene was obtained by PCR using the primers
dxs-F1 (5'-CTAGGACGTCAAGGAGATGGATCTTTTA
TCAATACAGGACC-3") and dxs-R1 (5'-CCGCTCGAG
TCATGATCCAATTCCTTTGTGT-3") and Bacillus sub-
tilis genomic DNA as a template. The isolated dxs-1 gene
fragment was excised using Aatll and Xhol, followed by
insertion into the corresponding sites of the vector
pYJM48 to create pYJM49 (Figure 6C).

Measurement of 3-carotene production

To quantify B-carotene production, -carotene was ex-
tracted from E. coli as previously described [42]. Cells
were harvested by centrifugation at 13,000 ¢ for 3 min
and washed once with sterile water. The cell pellet was
then resuspended in acetone (1 mL) and incubated at
55°C for 15 min in the dark. Samples were then centri-
fuged at 14,000 rpm for 10 min, and the acetone super-
natant containing [B-carotene was transferred to a new
tube. The B-carotene production in different engineered
strains was analyzed using high performance liquid chro-
matography (Agilent Technologies Series 1200 system,
Agilent, USA) with a UV/VIS detector at 454 nm using
a Symmetry C18 column (250 mm x 4.6 mm, 5 mm,
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Waters, Milford, USA). Methanol, acetonitrile and di-
chloromethane (21:21:8) were used as the mobile phase
at a flow rate of 1 mL/min at 30°C [2]. p-carotene (Cat.
No. C4582, Sigma, USA) was used as the standard. The
results represented the means + S.D. of three independ-
ent experiments.

Shake flask cultures

The strain was inoculated in either initial fermentation
medium or optimized fermentation medium. When neces-
sary, the cultures were supplemented with 100 mg/L ampi-
cillin, 34 mg/L chloramphenicol and 50 pg/mL kanamycin.
The cells were induced at ODgg = 0.6 with 0.25 mM IPTG
and further incubated at 30°C. The p-carotene extraction
and analysis were performed as previously described [2,42].
Optimization of the fermentation medium and process
was shown in Additional file 1.

Fed-batch fermentation

Fed-batch cultures were carried out in a Biostat B plus
MOS5L fermentor (Sartorius Stedim Biotech GmbH,
Germany) containing 3 L of the optimized fermentation
medium (Amp 100 pg/mL, Cm 34 pg/mL, Kan 50 pg/mL)
as described above. The temperature was initially main-
tained at 37°C, and 34°C after induction. The pH was con-
trolled at 7.0, and the dissolved oxygen (DO) concentration
was maintained at 20% saturation. During the course of fer-
mentation, 40% glycerol was fed at a rate of 3 g/L/h. The
cells were induced at ODggo = 12 by adding 0.05 mM IPTG.
IPTG was added every 8 h during the 80 h fermentation.
Conversion efficiency (gram to gram) of glycerol to B-
carotene was calculated with the following equation:

Y = G,/G, x 100%

Where Y = conversion efficiency (gram to gram, 100%);
G; = weight of -carotene (g); G, = weight of glycerol (g).

Additional file

[ Additional file 1: Optimization of fermentation process. J
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