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a b s t r a c t

The increased synthesis of building blocks of IPP (isopentenyl diphosphate) and DMAPP (dimethylallyl
diphosphate) through metabolic engineering is a way to enhance the production of carotenoids. Using E.
coli as a host, IPP and DMAPP supply can be increased significantly through the introduction of foreign
MVA (mevalonate) pathway into it. The MVA pathway is split into two parts with the top and bottom
portions supplying mevalonate from acetyl-CoA, and IPP and DMAPP from mevalonate, respectively. The
bottom portions of MVA pathway from Streptococcus pneumonia, Enterococcus faecalis, Staphylococcus
aureus, Streptococcus pyogenes and Saccharomyces cerevisiae were compared with exogenous mevalonate
supplementation for �-carotene production in recombinant Escherichia coli harboring �-carotene synthe-
sis genes. The E. coli harboring the bottom MVA pathway of S. pneumoniae produced the highest amount
of �-carotene. The top portions of MVA pathway were also compared and the top MVA pathway of E.
faecalis was found out to be the most efficient for mevalonate production in E. coli. The whole MVA path-
way was constructed by combining the bottom and top portions of MVA pathway of S. pneumoniae and E.

faecalis, respectively. The recombinant E. coli harboring the whole MVA pathway and �-carotene synthe-
sis genes produced high amount of �-carotene even without exogenous mevalonate supplementation.
When comparing various E. coli strains – MG1655, DH5�, S17-1, XL1-Blue and BL21 – the DH5� was found
to be the best �-carotene producer. Using glycerol as the carbon source for �-carotene production was
found to be superior to glucose, galactose, xylose and maltose. The recombinant E. coli DH5� harboring
the whole MVA pathway and �-carotene synthesis genes produced �-carotene of 465 mg/L at glycerol

).
concentration of 2% (w/v

. Introduction

Carotenoids are a family of yellow to orange-red terpenoid pig-
ents synthesized by photosynthetic organisms including some

acteria and fungi (Britton et al., 1998). Industrially, carotenoids
re used in pharmaceuticals, nutraceuticals, and animal feed addi-
ives as well as colorants in cosmetics and food. �-Carotene has
rovitamin A activity, and it is responsible for the synthesis of
etinoids. Currently, more than 90% of commercialized �-carotene

s produced through chemical synthesis. In recent years, interest
n production of natural carotenoids by microbial fermentation
as increased, and carotenogenic microbes such as Xanthophyl-

omyces dendrorhous, Haematococcus alga, and Blakeslea trispora
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© 2009 Elsevier B.V. All rights reserved.

have been investigated for large-scale production (An and Choi,
2003; Jacobson et al., 2000; Mehta et al., 2003; Olaizola, 2000). The
increasing interest of microbial carotenoid is due to the consumer
preferences for natural additives, as well as the potential cost effec-
tiveness of mass production via microbial biotechnology (Dufosse
et al., 2005). The availability of carotenoid genes from carotenogenic
microbes has made possible the synthesis of carotenoids in non-
carotenogenic microbes, e.g. Escherichia coli, Zymomonas mobilis,
Candida utilis, and Saccharomyces cerevisiae (Misawa and Shimada,
1997). In particular, E. coli is an excellent host for carotenoid
production because it has powerful genetic tools for metabolic engi-
neering, and it readily expresses many carotenogenic genes that
is able to make various carotenoids, such as lycopene, zeaxanthin,

and astaxanthin (Cheng, 2006; Das et al., 2007; Ruther et al., 1997;
Sandmann, 2002). However, until now, there have been only few
attempts to produce recombinant �-carotene in non-carotenogenic
microbes using metabolic engineering approach (Rodriguez-Saiz et
al., 2007; Verwaal et al., 2007; Yoon et al., 2007).

http://www.sciencedirect.com/science/journal/01681656
http://www.elsevier.com/locate/jbiotec
mailto:swkim@gsnu.ac.kr
dx.doi.org/10.1016/j.jbiotec.2009.01.008
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Carotenoids are derived from two common building blocks,
sopentenyl diphosphate (IPP) and dimethylallyl diphosphate
DMAPP), which are synthesized through the MVA pathway
n eukaryotes or the 2-C-methyl-d-erythritol-4-phosphate (MEP)
athway in prokaryotes (Fig. 1) (Lange et al., 2000; Lee and
chmidt-Dannert, 2002; Rohmer, 1999). The MEP pathway has
een engineered to increase the supply of IPP and DMAPP build-

ng blocks in E. coli for increased synthesis of carotenoids (Farmer
nd Liao, 2001; Kajiwara et al., 1997; Kim and Keasling, 2001).
s an alternative to using the MEP pathway, a foreign MVA path-
ay was introduced into E. coli, and the production of carotenoids
as increased further by using this pathway compared to the

ndogenous MEP pathway. Vadali et al. (2005) reported 4.3 mg/L
f lycopene production from recombinant E. coli harboring the
hole MVA pathway of Streptomyces sp. CL190, which was two-fold
igher than the lycopene production using the native MEP path-
ay. Previously, we obtained 102 mg/L of lycopene and 503 mg/L
f �-carotene from recombinant E. coli using the bottom portion
f MVA pathway of Streptococcus pneumoniae with exogenous sup-
lementation of MVA (Yoon et al., 2006, 2007). Although we did
ot use the entire MVA pathway but only the bottom portion of the
VA pathway with the addition of mevalonate, our carotenoids

roduction was much higher than that obtained with the whole
VA pathway of Streptomyces sp. CL190. The most probable rea-

on for the huge difference in lycopene production could be due
o differences in culture conditions, host strain, expression level of
arotenoids genes, etc. However, we suspect that the different effi-
iency of the MVA pathways used for the lycopene production may
e the principal reason. As Streptomyces sp. is a high GC% strain
nd therefore its codon preference is different from that of E. coli,
he genes encoding the MVA pathway of Streptomyces sp. CL190

ay not be well expressed in E. coli. In this study, we compared the
VA pathway of different microorganisms in E. coli. The MVA path-
ay was divided into two portions: top (acetyl-CoA to mevalonate)

nd bottom (mevalonate to IPP and DMAPP) for comparison and to

implify the construction of foreign whole MVA pathway in E. coli
Fig. 1). The MVA pathway was optimized in E. coli by combining the

ost efficient top and bottom portions of the MVA pathways from
ifferent organisms. �-Carotene was used as a model carotenoid
ere to investigate the effect of the optimized MVA pathway.

ig. 1. Biosynthesis of �-carotene in recombinant E. coli. IPP, precursor for �-carotene
as divided into two portions of top (acetyl-CoA to MVA) and bottom (MVA to IPP an
vaS (HMG-CoA synthase) and mvaA (HMG-CoA reductase) genes, while the bottom is m

Diphosphomevalonate decarboxylase) and idi (IPP isomerase). IPP is converted to �-car
rtY genes. Abbreviations: G3P, glyceraldehyde-3-phosphate; DXP, 1-deoxy-d-xylulose-5
ethylglutaryl-CoA; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate; FP
nology 140 (2009) 218–226 219

2. Materials and methods

2.1. Bacterial strains and culture conditions

E. coli DH5� was used for gene cloning and the reference
�-carotene production, and E. coli MG1655, BL21 (DE3), XL1-Blue
and S17-1 were used to compare effect of different host strains
(Table 1). The top portions of MVA pathway were obtained from
E. faecalis (ATCC 14508), Staphylococcus aureus (ATCC 35556)
and S. pneumoniae (ATCC 6314, purchased from American Type
Culture Collection (ATCC, Manassas, USA), and Ralstonia eutropha
(KCTC 1006), purchased from Korean Collection for Type Cultures
(KCTC, Daejeon, Korea) (Table 1). Cultivation of E. coli strains
was carried out in 2YT medium (1.6% (w/v) tryptone, 1% (w/v)
yeast extract, 0.5% (w/v) NaCl) at 37 ◦C for gene cloning and at
29 ◦C for �-carotene production on a rotary shaker at 250 rpm.
Recombinant E. coli harboring the top portion of MVA pathway was
inoculated and grown in TT medium (20 g glucose, 16 g K2HPO4,
14 g KH2PO4, 5 g peptone, 1 g citric acid, 25 mg MgSO4·7H2O, 50 mg
FeSO4·7H2O, 8 mg thiamine·HCl for 1 L, pH 7.2) containing 0.1 mM
IPTG (isopropyl �-d-1-thiogalactopyranoside) initially to induce
mevalonate synthesis (Tabata and Hashimoto, 2004). Ampicillin
(100 �g/mL) and chloramphenicol (50 �g/mL) (Sigma Chemical
Corp., St. Louis, MO, USA) were added to the culture medium as
required. Carbon sources such as glucose, galactose, xylose, mal-
tose, and glycerol were added in concentrations of 0.5% (w/v) to
2.0% (w/v), and 0.2% (w/v) arabinose was included as an additional
carbon source. Mevalonate, prepared as previously described (Kim
et al., 1992) from mevalonolactone (Sigma Chemical Corp.), was
supplied in concentrations of 3.3 mM for IPP synthesis via the
bottom MVA pathway. Cell growth was determined by measuring
the optical density at a wavelength of 600 nm (OD600).

2.2. Construction of plasmids for expression of MVA pathway in E.
coli
Common procedures, including genomic DNA preparation,
restriction digestions, transformations, and other standard molec-
ular biological techniques, were carried out as described in the
Molecular Cloning (Sambrook and Russell, 2001). PCR was per-

biosynthesis is synthesized via both MEP and MVA pathways. The MVA pathway
d DMAPP). The top portion is composed of phaA (acetyl-CoA acetyltransferase),
ade up of mvaK1 (mevalonate kinase), mvaK2 (phosphomevalonate kinase), mvaD

otene via foreign carotenoid synthesis pathway which includes crtE, crtB, crtI, and
-phosphate; MEP, 2-C-methyl-d-erythritol-4-phosphate; HMG-CoA, 3-hydroxy-3-
P, farnesyl diphosphate; GGPP, geranylgeranyl diphosphate.
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Table 1
Strains, plasmids and primers used in this study.

Strains, plasmids and primers Description Reference or source

E. coli strains
MG1655 Wild type
DH5� F− , �80dlacZ�M15, �(lacZYA-argF)U169, deoR, recA1 endA1, hsdR17(rK

− mK
+), phoA, supE44, �− , thi-1, gyrA96, relA1

BL21(DE3) F− , ompT, hsdSB(rB
−mB

−), gal (c I857, ind1, Sam7, nin5, lacUV5-T7gene1), dcm (DE3)
XL1-Blue hsdR17, supE44, recA1, endA1, gyrA46, thi, relA1, lac/F′[proAB+ , lacIq, lacZ M15::Tn10(tetr)]
S17-1 recA, pro, hsdR, RP4-2-Tc::Mu-Km::Tn7

Plasmids
pBluescript Plac cloning vector, ColE1 origin, lacZ, Ampr Stratagene
pSTV28 Plac expression vector, pACYC184 origin, lacZ, Cmr Takara Co., Ltd.
pTrc99A Ptrc expression vector, pBR322 origin, lacIq, Ampr Amersham Biosci.
pSEF12Didi pSTV28 containing mvaK1, mvaK2 and mvaD of E. faecalis, and idi of E. coli Zahiri et al. (2006)
pSSA12Didi pSTV28 containing mvaK1, mvaK2 and mvaD of S. aureus, and idi of E. coli Zahiri et al. (2006)
pSSC12Didi pSTV28 containing mvaK1, mvaK2 and mvaD of S. cerevisiae, and idi of E. coli Zahiri et al. (2006)
pSSN12Didi pSTV28 containing mvaK1, mvaK2 and mvaD of S. pneumoniae, and idi of E. coli Yoon et al. (2006)
pSSY12Didi pSTV28 containing mvaK1, mvaK2 and mvaD of S. pyogenes, and idi of E. coli Zahiri et al. (2006)
pTSNASP pTrc99A containing mvaA and mvaS of S. pneumoniae, and phaA of R. eutropha This study
pTSAASP pTrc99A containing mvaA and mvaS of S. aureus, and phaA of R. eutropha This study
pTEFAES pTrc99A containing mvaE and mvaS of E. faecalis This study
pS-NA pSTV28 containing mvaE and mvaS of E. faecalis, mvaK1, mvaK2, and mvaD of S. pneumoniae, and idi of E. coli This study
pT-DHB pTrc99A containing crtE, crtB, and crtI of P. agglomerans, ipiHP1 of H. pluvialis, crtY of P. ananatis, and dxs of E. coli Yoon et al. (2007)

Primersa

SNmvaA-5 5′-GGAATTCATAATGAAGATAAGTTGGAATGG-3′

SNmvaA-3 5′-GGGTACCTTATGATCTTAAATTTTCGAG-3′

SNmvaS-5 5′-CGGTACCAGAAGGATTTTTTACATGAATG-3′

SNmvaS-3 5′-CTCTAGATTATTTTTCAACCTTGCTATAAC-3′

SAmvaA-5 5′-CACATGTCCATGCAAAGTTTAGATAAG-3′

SAmvaA-3 5′-CGAGCTCTTATTGTTGTCTAATTTCTTG-3′

SAmvaS-5 5′-CGAGCTCAGGAGAAACCTTATGACAATAGGTATC-3′

SAmvaS-3 5′-CGGTACCTTACTCTGGTCTGTGATATTC-3′

phaA-5 5′-GCTGCAGAGGACTACACAATGACTGACGTTG-3′

phaA-3 5′- CCTGCAGTTATTTGCGCTCGACTGCCAGCG-3′

EFmvaE-F 5′-CGAGCTCAGGAGCATTTAGATGTTGAAAACAGTAGTTATTATTG-3′

EFmvaE-R 5′- GCCCGGGGTGGCCTGAAACGGCTACC-3′

EFmvaS-F 5′- CGGATCCCTTAGTTTCGATAAGAGCGAAC-3′

EFmvaS-R 5′-CGGATCCCTTAGTTTCGATAAGAGCGAAC-3′

′ ′

C-3′
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EFES-F 5 -GCTCGAGGAAACAGACCATGGAATTC-3

EFES-R 5′-GCTCGAGGCTGCAGTTAGTTTCGATAAGAGCGAA

a Template binding regions are indicated by bold letters, start and stop codons ar

ormed using pfx DNA polymerase (Invitrogen Corp., Carlsbad, CA,
SA) and standard protocols. PCR products were cloned into pBlue-

cript for DNA sequence analysis. The plasmids of pBluescript,
Trc99A, and pSTV28 were used as vectors for gene cloning and
ene expression studies (Table 1).

Plasmids and PCR primers used in this study are listed in Table 1.
lasmids for the bottom portion of MVA pathway, pSEF12Didi,
SSA12Didi, pSSC12Didi, pSSN12Didi, and pSSY12Didi, were used
s described previously (Yoon et al., 2006; Zahiri et al., 2006). To
onstruct the top portion of MVA pathway, mvaA and mvaS genes
f S. pneumoniae were amplified from its genomic DNA by PCR
sing primers of SNmvaA-5, SNmvaA-3, SNmvaS-5, and SNmvaS-3.
he PCR product of mvaA cleaved by EcoRI and KpnI was ligated
nto the same site of pTrc99A resulting in pTSNA. The plasmid
f pTSNAS was constructed by inserting the PCR product of mvaS
igested with KpnI and XbaI into the corresponding sites of pTSNA.
he gene of phaA amplified by PCR using primers of phaA-5 and
haA-3 was digested with PstI and inserted into the same site of
TSNAS, resulted in pTSNASP (Supplementary Fig. 1). The S. aureus
vaA gene amplified by using primers of SAmvaA-5 and SAmvaA-
was restricted with PciI and SacI site, and cloned into NcoI and
acI sites of pTrc99A to construct pTSAA. The PCR product of S.
ureus mvaS obtained with SAmvaS-5, and SAmvaS-3 was inserted
nto pTSAA using SacI and KpnI site to make pTSAAS. The blunt-
nd PCR product of phaA amplified by using primers of phaA-5 and
haA-3 was cloned into SmaI site of pTSAAS to construct pTSAASP
rlined, and restriction sites are double underlined.

(Supplementary Fig. 1). The bifunctional mvaE gene of E. faecalis
was amplified with primers of EFmvaE-F and EFmvaE-R, followed
by digesting with SacI and SmaI for its insertion into the same sites
of pTrc99A resulting in pTEFAE. The E. faecalis mvaS gene amplified
with EFmvaS-F and EFmvaS-R was cloned using SmaI and BamHI
sites on pTEFAE to construct pTEFAES (Supplementary Fig. 1). The
whole MVA pathway operon of pS-NA plasmid consists of the top
portion of E. faecalis MVA pathway and the bottom portion of S.
pneumoniae MVA pathway. To construct the pS-NA plasmid, the
top portion of MVA pathway was amplified from pTEFAES by using
primers of EFES-F and EFES-R. The PCR product was digested with
XhoI, and inserted into SalI site of pSSN12Didi resulting into pS-NA
(Supplementary Fig. 1).

2.3. Measurement of ˇ-carotene, mevalonate, and acetate
production

To determine �-carotene concentration, cells were harvested
by centrifugation at 14,000 rpm for 40 s and washed once with
water. The cell pellet was then resuspended in 1 mL of acetone and
incubated at 55 ◦C for 15 min in the dark. The acetone extracted

supernatant was obtained by centrifuging at 14,000 rpm for 10 min.
The �-carotene content of the cell extracts was analyzed using high
performance liquid chromatography (LC-20A, Shimadzu, Kyoto,
Japan) with a UV/VIS detector at 454 nm using a Symmetry C18
column (250 mm × 4.6 mm, 5 �m, Waters, Milford, USA) equipped
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Fig. 2. �-Carotene production and cell growth of recombinant E. coli harboring the
�-carotene plasmid of pT-DHB and the bottom MVA pathway plasmids containing
S.-H. Yoon et al. / Journal of B

ith Sentry Guard C18 column (15 mm × 4.6 mm, 5 �m, Waters,
ilford, USA). Methanol and acetonitrile (70:30) were used as the
obile phase at a flow rate of 1.5 mL/min at 40 ◦C. �-Carotene (Cat.
o. C4582, Sigma, USA) was used as the standard. The results rep-

esent the means ± SD from three independent experiments.
The concentration of mevalonate was determined by gas chro-

atography analysis (Otsuka et al., 1973; Tabata and Hashimoto,
004). Culture filtrate was adjusted to pH 2 with 3 M HCl, incubated
t 45 ◦C for 1 h, and saturated with anhydrous Na2SO4, followed by
xtraction of mevalonate with ethylacetate. The solvent layer was
nalyzed for mevalonate by gas chromatography (6890N, Agilent
echnologies, Santa Clara, CA, USA).

Acetate in culture broth was measured using Megazyme Acetic
cid Assay Kit (Megazyme, Co., Wicklow, Ireland) as described by

he manufacturer.

. Results

.1. Comparison of various bottom portions of MVA pathway on
-carotene production

Several gram-positive cocci such as Enterococcus faecalis, S.
ureus, S. pneumoniae and Streptococcus pyogens, and yeast such as
. cerevisiae are well known to have the MVA pathway (Wilding et
l., 2000). Differential production of Coenzyme Q10 was observed
n E. coli using the bottom MVA pathway of different origin (Zahiri
t al., 2006). Therefore, we compared the bottom MVA pathway of
he microorganisms in E. coli for �-carotene production. The bottom

VA pathway genes of mvaK1, mvaK2, and mvaD were cloned from
our gram-positive cocci of S. pneumoniae, S. pyogenes, S. aureus,
nd E. faecalis, and from S. cerevisiae. The IPP isomerase encod-
ng idi was isolated from E. coli. The four genes mvaK1, mvaK2,

vaD, and idi were combined to make the artificial operon of bot-
om MVA pathway on the pSTV28 vector. The plasmids containing
he bottom MVA pathway operon were named according to the
ame of microorganism from which the operon was cloned, such as
SSN12Didi (S. pneumoniae), pSSY12Didi (S. pyogenes), pSSA12Didi
S. aureus), pSEF12Didi (E. faecalis) and pSSC12Didi (S. cerevisiae).
n order to compare the efficiency of the bottom MVA pathway on
-carotene production, the bottom MVA pathway plasmids were

ransformed into the �-carotene producing E. coli harboring pT-
HB. The pT-DHB plasmid is composed of crtE, crtB and crtI of
. agglomerans, crtY of P. ananatis, ipi of H. pluvialis, and dxs of E.
oli (Yoon et al., 2007). IPP isomerase (ipi) and DXP (deoxyxylulose
hosphate) synthase (dxs) are rate-limiting enzymes in carotenoid
iosynthesis and the MEP pathway, respectively. The recombinant
. coli harboring pT-DHB and the bottom MVA pathway plasmids
as cultivated at 29 ◦C for 48 h in 2YT medium containing 3.3 mM
evalonate, and 0.5% (w/v) glycerol and 0.2% (w/v) arabinose as

arbon sources. As shown in Fig. 2, �-carotene production was
ignificantly increased in E. coli harboring the bottom portions of
VA pathway, especially from S. pneumoniae (pSSN12Didi) and

. cerevisiae (pSSC12Didi) which produced �-carotene of 141 mg/L
nd 140 mg/L, respectively in 48 h of culture, a more than three-
old increase compared to the �-carotene production from the
mpty vector pSTV28 acting as a control. However, there was no
ignificant difference in the extent of cell growth of pSSN12Didi
nd pSSC12Didi when compared with the other MVA bottom por-
ion plasmids and empty vector. Thus, the results showed that
he bottom portions of MVA pathway of S. pneumoniae and S.
erevisiae were sufficient for IPP synthesis which is essential for

-carotene production. In all recombinant E. coli harboring the bot-

om MVA pathway, the �-carotene productions at 48 h of culture
ere approximately three-fold higher than those at 24 h of culture,
hereas the cell growths were increased slightly from 24 h to 48 h

f culture. This indicated that the major amount of �-carotene pro-
mvaK1, mvaK2, and mvaD and idi genes. The culture was carried out in 2YT medium
containing 0.5% (w/v) glycerol, 0.2% (w/v) arabinose, and 3.3 mM mevalonate at 29 ◦C
for 48 h. Open bars and solid bars represent the results obtained at 24 and 48 h,
respectively.

duction took place during the stationary phase of cell growth, and
the bottom mevalonate pathway could drive �-carotene production
well even after cessation of cell growth.

3.2. Comparison of various top portions of MVA pathway on
mevalonate production

For the construction of top portion of MVA pathway, mvaS and
mvaA encoding HMG-CoA (3-hydroxy-3-methylglutaryl-CoA) syn-
thase and reductase, respectively were cloned from S. pneumoniae
and S. aureus, and combined with phaA encoding acetyl-CoA acetyl
transferase of R. eutropha. The top portion genes of S. pyogenes were
not studied here because S. pyogenes and S. pneumoniae belonged
to the same genus and the bottom portion of S. pyogenes’s MVA
pathway was found to be less efficient than that of S. pneumoniae in
Fig. 2. The top portion genes of S. cerevisiae were also not used here
because the optimization of MVA production using those genes had
been well studied in E. coli (Pfleger et al., 2006). The phaA gene of
R. eutropha was used for the construction of the top MVA operon
instead of the endogenous atoB gene of E. coli while both PhaA and
AtoB have the acetyl-CoA acetyltransferase activity. The E. coli har-
boring pha genes (phaA, phaB and phaC) of R. eutropha was proved to
be highly active to produce more than 80% of PHB in dry cell weight
(Resch et al., 1998). Also, PhaA rather than AtoB was found to be
responsible for most of the acetyl-CoA acetyltransferase activity in
Paracoccus zeaxanthinifaciens (Humbelin et al., 2002).

E. faecalis was also used as a source of top portion genes of the
MVA pathway. It has mvaE encoding a bifunctional protein which
possesses both activities of HMG-CoA reductase and acetyl-CoA
acetyltransferase. The top portion composed of mvaE and mvaS of E.
faecalis does not require phaA gene. The pTrc99A vector was inserted
with the top MVA operons and named as pTSNASP, pTSAASP, and
pTEFAES which were originated from S. pneumoniae, S. aureus, and
E. faecalis, respectively. Culture was carried out using the recom-

binant E. coli harboring the plasmids of the top MVA operons in
TT medium for 48 h at 30 ◦C (Fig. 3). In order to induce expres-
sion of the operon, 0.1 mM IPTG was initially added to the culture.
Mevalonate was produced from the recombinant E. coli harboring
the top MVA pathway whereas there was no production of meval-
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Fig. 3. Mevalonate production and cell growth of recombinant E. coli harboring
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Fig. 4. �-Carotene production and cell growth of different E. coli strains harbor-

The �-carotene production of DH5� (pS-NA, pT-DHB) strain
Trc99A-based plasmids containing top portion genes of MVA pathway. The recom-
inant E. coli was grown in TT medium containing 0.1 mM IPTG at 29 ◦C for 48 h.
pen bars and solid bars represent the results obtained at 24 and 48 h, respectively.

nate from the E. coli with pTrc99A empty vector. It was therefore
onfirmed that the selected mevalonate pathway enzymes also
unction in E. coli (Martin et al., 2003). The highest mevalonate
roduction of 29.3 mM was obtained with pTEFAES at 48 h of cul-
ivation, which was significantly higher than 4.49 mM of pTSNASP
nd 0.49 mM of pTSAASP. There was no significant difference in
ell growth among pTrc99A, pTSAASP, and pTEFAES. However, the
ell growth of E. coli harboring pTSNASP increased abruptly after
he severe growth inhibition for initial 24 h, by unknown mecha-
isms. The same result was obtained in repeated experiments. Thus,
he results indicated that the recombinant E. coli harboring the top

VA portion of E. faecalis could produce high amount of mevalonate
hich had insignificant inhibition on cell growth.

.3. Effect of host strains on ˇ-carotene production using the
hole MVA pathway

The artificial operon of the whole MVA pathway, being able to
ynthesize IPP and DMAPP from acetyl-CoA, was constructed by
ombining the bottom and top portions of MVA pathway from
SSN12Didi and pTEFAES, respectively. The supplementation of
.3 mM mevalonate was found to be sufficient for the production of
-carotene using pSSN12Didi and 0.5% glycerol (Yoon et al., 2007).
herefore, the top MVA portion in pTEFAES (high copy number and
trong Ptrc) was moved to pSSN12Didi (low copy number and Plac),
esulting in the whole MVA pathway plasmid of pS-NA (Table 1).
t has been observed that there is significant strain dependence in
ycopene production from recombinant E. coli (Kim and Keasling,
001). We therefore investigated the production of �-carotene by
arious E. coli host strains of MG1655, DH5�, S17-1, XL1-Blue and
L21 harboring the whole MVA pathways of pS-NA (Fig. 4). BL21 is a

-type strain and the other strains are of K-type. MG1655 is a wild
ype strain and the rest are genetically modified strains for gene
loning and expression. Culture was carried out in 2YT medium
ontaining 0.5% glycerol and 0.2% arabinose for 48 h without exoge-
ing pT-DHB (�-carotene pathway) and pS-NA (whole MVA pathway). Mevalonate
concentration in culture broth was measured. The culture was carried out in 2YT
medium containing 0.5% (w/v) glycerol and 0.2% (w/v) arabinose at 29 ◦C for 48 h.
Open bars and solid bars represent the results obtained at 24 and 48 h, respectively.

nous supplementation of mevalonate. The DH5� strain produced
the highest amount of �-carotene, 141 mg/L, which was more than
three-fold higher than the least, 45 mg/L of �-carotene obtained
with BL21 strain. The highest concentration of mevalonate, 2.5 mM
was observed at 48 h in the culture broth of XL1-Blue produc-
ing lesser amount (98 mg/L) of �-carotene, while the next highest
mevalonate concentration of 1.2 mM was measured in the culture
broth of DH5� strain, the highest �-carotene producer. The results
suggested that the highest mevalonate producer was not the high-
est �-carotene producer. Among the strains, DH5� and XL1-Blue
only showed considerable lag period of about 10 h in their 48 h of
growth (data not shown). However, the amount of cells obtained
at 24 h of culture was almost similar for them as well as for all
the other strains. Although the growth pattern of DH5� and XL1-
Blue was similar, there were significant differences in the amount of
mevalonate and �-carotene productions by the strains. In the other
three strains of MG1655, S17-1, and BL21, the amount of mevalonate
and �-carotene productions were also different as well. Therefore,
it seems that there was no linear relationship between the growth
of the strains, and the production of �-carotene and mevalonate.
using the whole MVA pathway was the same as that obtained only
with the bottom MVA pathway of pSSN12Didi with exogenous sup-
plementation of 3.3 mM mevalonate in Fig. 2. It suggested that the
whole MVA pathway of pS-NA could provide enough amount of



iotechnology 140 (2009) 218–226 223

I
M
p
(
i
d
c

3
w

h
e
a
t
a
C
f
p
s
b
u
m
i
a
b
t
0
n
1
i
t
w
t
s
q
c
s
4
o
h
g
s
t
s
t
o
M

3
g

d
i
T
c
a
g
c
o
g
r
o
t

Fig. 5. Effect of carbon sources on �-carotene and mevalonate production, and cell
growth of E. coli harboring pT-DHB and pS-NA. Carbon sources of glucose, galac-
tose, xylose, maltose, and glycerol were added initially as 0.5% (w/v) in 2YT medium
S.-H. Yoon et al. / Journal of B

PP and DMAPP for �-carotene production, much like the bottom
VA pathway of pSSN12Didi starting from the mevalonate sup-

lied exogenously. The final cell growth (OD600nm, 14.1) of DH5�
pS-NA, pT-DHB) was slightly higher than 12.1 (OD600nm) observed
n DH5� (pSSN12Didi, pT-DHB) in Fig. 2. The cells harboring pS-NA
id not seem to have significant metabolic burden, although pS-NA
ontained three more genes of top MVA portion than pSSN12Didi.

.4. Effect of carbon sources on ˇ-carotene production using the
hole MVA pathway

The acetyl-CoA is the starting metabolite for PHB synthesis. It
as been reported that PHB synthesis by recombinant E. coli was
nhanced when the availability of acetyl-CoA was increased (Lee
nd Chang, 1995). The level of intracellular acetyl-CoA concentra-
ion was reported to be dependent on the type of carbon source
dded in the media (Takamura and Nomura, 1988). Since acetyl-
oA is the starting metabolite not only for PHB synthesis but also

or carotenoid synthesis through the MVA pathway, �-carotene
roduction was expected to be affected by the type of carbon
ources. Therefore, the production of �-carotene by the recom-
inant E. coli DH5� harboring pS-NA and pT-DHB was measured
sing various carbon sources such as glucose, galactose, xylose,
altose and glycerol. The recombinant E. coli DH5� was cultivated

n 2YT medium containing 0.5% (w/v) of various carbon sources
long with 0.2% (w/v) arabinose (Fig. 5). Among the various car-
on sources tested, glycerol was found to be the best with regard
o both �-carotene production and cell growth. Culture containing
.5% of glycerol produced 141 mg/L of �-carotene which was almost
ine-fold higher than the culture containing 0.5% glucose producing
6 mg/L of �-carotene. Both �-carotene production and cell growth
n the presence of glucose or galactose were significantly lower than
he other carbon sources and even lower than the control (None)
hich did not contain 0.5% carbon source. The pH of culture con-

aining glucose and galactose was decreased to 4.8 at 48 h (data not
hown), which may have caused growth inhibition and the subse-
uent low �-carotene production. In the culture containing other
arbon sources, there was no decrease of pH below 5.0 (data not
hown). Mevalonate concentration was also measured at 24 and
8 h of the culture. The mevalonate concentration of 1.1 mM was
bserved in the glycerol containing culture, which was significantly
igher than 0.1 mM mevalonate of the culture containing glucose or
alactose. This suggested that sufficient amount of mevalonate was
ynthesized in the culture containing glycerol, which contributed
o the highest production of �-carotene. In the culture of different
trains of Fig. 4, the �-carotene production was not correlated with
he amount of mevalonate in culture broth because the efficiency
f �-carotene production and mevalonate formation through the
VA pathway could be different among the strains.

.5. Time course of ˇ-carotene production with increase of
lycerol addition

In order to investigate the increase of �-carotene production
ependent on glycerol concentration, glycerol of 0.5–2.0% (w/v) was

nitially added to the culture which was carried out for 168 h (Fig. 6).
he highest �-carotene production of 464 mg/L was obtained with
ulture containing 2% of glycerol at 120 h of cultivation, which was
bout 3.7-fold and 1.9-fold higher than those of 0.5% and 1.0% of
lycerol, respectively. It was observed that the production of �-
arotene decreased in culture containing 2% glycerol after 120 h

f cultivation. In the case of culture containing 0.5% and 1.0% of
lycerol, �-carotene production ceased after 48 and 72 h of culture,
espectively. The highest amount of cell growth was 32 (OD600nm),
btained with 2% glycerol at 96 h, which was significantly higher
han those of the other glycerol concentrations used. This result
containing 0.2% (w/v) arabinose. The culture was carried out at 29 ◦C for 48 h. Open
bars and solid bars represent the results obtained at 24 and 48 h, respectively. None
represents without addition of 0.5% (w/v) carbon source.

suggested that at lower concentration of glycerol the cell growth
was limited with the concomitant decrease in the production of
�-carotene.

4. Discussion

The increased synthesis of building blocks of IPP and DMAPP
through metabolic engineering, along with balancing the expres-
sion of carotenogenic genes for efficient transformation of the
building blocks to the desired carotenoid is a way to enhance the
production of carotenoids. Using E. coli as a host, IPP and DMAPP
supply can be increased significantly through the introduction of
foreign MVA pathway into it (Martin et al., 2003; Yoon et al., 2006,
2007). Lycopene production in E. coli was increased several-fold
using the bottom MVA pathway of S. pneumoniae with exogenous
supplementation of mevalonate (Yoon et al., 2006). Recently, it
has been shown that the highest production of �-carotene could
be achieved in E. coli using the same bottom MVA pathway of S.
pneumoniae with exogenous addition of mevalonate (Yoon et al.,

2007).

The mass production of mevalonate of 47 g/L (317 mM in molar
concentration) was achieved by fed-batch culture from recombi-
nant E. coli harboring mvaE and mvaS genes of E. faecalis (Tabata
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Fig. 6. Time course of �-carotene production and cell growth of recombinant E. coli
harboring pT-DHB and pS-NA. The culture was carried out in 2YT medium contain-
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metabolite, may also decrease the �-carotene production. Another
ng glycerol of different concentrations and 0.2% (w/v) arabinose at 29 ◦C for 168 h.
quares, circles, and triangles represent the addition of 0.5%, 1.0%, and 2.0% (w/v)
lycerol, respectively.

nd Hashimoto, 2004). Pfleger et al. (2006) obtained mevalonate
oncentration of 596 �M (normalized to cell growth, OD600nm) in a
imple batch culture of E. coli harboring top portion of the meval-
nate pathway from S. cerevisiae. The mevalonate production was
btained by controlling the expression of HMGS and tHMGR genes
corresponded to mvaS and mvaA, respectively) by using tunable
ntergenic region (TIGR) sequences that consist of messenger RNA
mRNA) secondary structures, RNase cleavage sites, and ribosome-
inding site (RBS) sequestering sequences. In our study, the mvaE
nd mvaS genes of E. faecalis were found to be the most efficient in
. coli for mevalonate production among the top MVA portions used
ere. The 29.3 mM of mevalonate was produced from cell growth of
D600nm 4.0 in simple batch flask culture. Therefore, the top MVA
athway composed of the mvaE and mvaS genes of E. faecalis was
ombined with the bottom MVA pathway of S. pneumoniae to gen-
rate the whole MVA pathway. The artificial combined whole MVA
athway could produce the same amount of �-carotene even with-
ut the supplementation of mevalonate, in comparison with the
ottom MVA pathway of S. pneumoniae with mevalonate supple-
entation.
The mevalonate concentration in culture broth of E. coli har-

oring both the whole mevalonate pathway and the �-carotene
ynthesis pathway reflects the difference between production and
onsumption of mevalonate through the top MVA pathway and
he �-carotene synthesis pathway, respectively. Since mevalonate
s a small molecule, the unmetabolized intracellular mevalonate
an be diffused out of cells. In Fig. 4, the mevalonate concentra-
ion in culture broth of XL1-Blue was the highest whereas the
-carotene production was not. It was suspected in XL1-Blue that

he �-carotene synthesis pathway might be less efficient than the
op MVA pathway. In the culture of BL21, the amounts of both �-

arotene production and mevalonate were the least which could be
ttributed to the inefficiency of the top MVA pathway in BL21. The
L21 strain has an active glyoxylate shunt as a route for acetyl-CoA
onsumption (Van de Walle and Shiloach, 1998), which will cause
nology 140 (2009) 218–226

limited use of acetyl-CoA for mevalonate synthesis through the top
MVA pathway.

The successful expression of the top MVA portion along with the
bottom MVA portion in E. coli eliminated the necessity of exogenous
addition of mevalonate required in our previous study (Yoon et al.,
2007). This is very important for mass production of carotenoids
on an industrial scale because mevalonate is not cheap and conve-
nient for separate addition into production medium. In the recent
study of Pitera et al. (2007), it has been found that the overexpres-
sion of the top MVA portion genes of S. cerevisiae in E. coli resulted
in poor cell growth and low mevalonate production. Normal cell
growth and efficient mevalonate production were obtained by bal-
ancing the reaction rate of HMGS and tHMGR (corresponding to
MvaS and MvaA, respectively) by reducing HMGS expression and
increasing tHMGR expression which were accomplished by modu-
lating the intergenic regions of the top MVA portion genes (Pitera
et al., 2007). In our study, we observed low mevalonate production
in pTSNASP and pTSAASP, and growth inhibition for initial 24 h in
pTSNASP. This could be due to the imbalance of reaction rate of
HMG-CoA synthase and HMG-CoA reductase encoded by mvaS and
mvaA, respectively. However, the expression of top MVA portion
of E. faecalis in E. coli made a significant production of mevalonate
and showed no inhibition on cell growth. This suggested that there
was no need to do the sophisticated balancing between reactions of
HMG-CoA synthase and HMG-CoA reductase when mvaE and mvaS
of E. faecalis were used.

Carotenoids production from metabolically engineered E. coli
has been studied intensively. However it has been mainly focused
on lycopene as a target carotenoid and MEP pathway as the precur-
sor supply of IPP and DMAPP. There are few reports on �-carotene
production from E. coli. Kim et al. (2006) reported the �-carotene
production of 390 mg/L in concentration and 10 mg/g DCW in
content by using MEP pathway, which was carried out with fed-
batch fermentation using a fermentor. We reported the highest
�-carotene production of 503 mg/L and 49.3 mg/g DCW by using
bottom portion of MVA pathway in simple batch shake-flask culture
(Yoon et al., 2007). Although our previous �-carotene production
using the bottom MVA pathway in simple batch shake-flask culture
was found to be much more efficient than the �-carotene produc-
tion using MEP pathway by Kim et al. (2006), it required exogenous
supplementation of expensive mevalonate. In the present study, we
produced the similar amount of �-carotene to our previous report
without exogenous supplementation of the mevalonate.

There are contradictory reports on the use of carbon source
for the production of carotenoids. Lee et al. (2004) obtained an
enhanced production of torulene using glycerol as a source of
carbon whereas its production was significantly repressed in pres-
ence of glucose-containing medium. However, Alper et al. (2006)
obtained significant amount of lycopene using glucose as a carbon
source in high cell density fed-batch fermentations. In the present
study using whole MVA pathway, glycerol was found to increase
the production of �-carotene while glucose and galactose repressed
the �-carotene production. E. coli was reported to have the highest
specific growth rate of 0.92 h−1 when glucose and galactose were
used as the carbon source (Lendenmann et al., 2000). Therefore,
it can be suspected that the readily metabolizable carbon sources
may not be a good carbon source for �-carotene production. The
acetate concentration in the cultures containing glucose or galac-
tose was around 3 g/L whereas the acetate concentration below
2 g/L was observed in the cultures containing other carbon sources
(data not shown). The higher concentration of acetate, an inhibitory
reason for the low �-carotene production could be the catabolite
repression of both the lac promoter for the whole MVA pathway
and the trc promoter for the �-carotene synthesis pathway by glu-
cose, the readily metabolizable carbon source (Guzman et al., 1995).
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artin et al. (2001) also reported a positive effect of glycerol on a
esquiterpene synthesis in E. coli harboring the whole MVA path-
ay of S. cerevisiae. These suggest that in the use of MVA pathway,

lycerol is better than glucose as a carbon source. Glycerol could
e a cheap carbon source for large-scale production of carotenoids
ecause there is a massive formation of glycerol as by-product in
iodiesel production that is in demand due to soaring petroleum
rice. For every 9 kg of biodiesel produced, about 1 kg of a crude
lycerol by-product is formed (Dasari et al., 2005).

Martin et al. (2003) is the first to use the foreign MVA pathway
n E. coli for production of terpenoids. However, the MVA pathway
as obtained from the eukaryote S. cerevisiae. Although Vadali et

l. (2005) used the prokaryotic MVA pathway of Streptomyces sp.
L190 in E. coli for the production of lycopene, the prokaryotic MVA
athway was not optimized in E. coli. We optimized the prokary-
tic whole MVA pathway in E. coli by combination of both top and
ottom portions of the MVA pathway from different microorgan-

sms. The optimized whole MVA pathway of prokaryotic origin was
uccessfully applied for the production of �-carotene. Since IPP and
MAPP are the universal precursors to all terpenoids, E. coli harbor-

ng the optimized MVA pathway can serve as the platform host for
he production of any terpenoid for which the biosynthetic genes
re available.
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