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Abstract Escherichia coli strain CAR0OO1 that pro-
duces B-carotene was genetically engineered to pro-
duce lycopene by deleting genes encoding zeaxanthin
glucosyltransferase (crtX) and lycopene PB-cyclase
(crtY) from the crtEXYIB operon. The resulting strain,
LYCO001, produced 10.5 mg lycopene/l (6.5 mg/g dry
cell weight, DCW). Modulating expression of genes
encoding o-ketoglutarate dehydrogenase, succinate
dehydrogenase and transaldolase B within central
metabolic modules increased NADPH and ATP
supplies, leading to a 76 % increase of lycopene yield.
Ribosome binding site libraries were further used to
modulate expression of genes encoding 1-deoxy-p-
xylulose-5-phosphate synthase (dxs) and isopentenyl

Tao Sun and Liangtian Miao have contributed equally to this
work.

Electronic supplementary material The online version of
this article (doi:10.1007/s10529-014-1543-0) contains supple-
mentary material, which is available to authorized users.

T. Sun - L. Miao - G. Dai - F. Lu

College of Biotechnology, Tianjin University of Science
& Technology, Tianjin, China

e-mail: suntao23beckham@ 163.com

L. Miao

e-mail: miaoliangtian@qq.com
G. Dai

e-mail: 937126540@qq.com

F. Lu
e-mail: Ifp@tust.edu.cn

diphosphate isomerase (idi) and the crt gene operon,
which improved the lycopene yield by 32 %. The
optimal strain LYCO10 produced 3.52 g lycopene/l
(50.6 mg/g DCW) in fed-batch fermentation.
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Introduction

Lycopene is a carotenoid that is used in the pharma-
ceutical, nutraceutical, cosmetic, and food industries
(Nagao 2009). It plays an important role in human
health as a biological antioxidant that prevents oxida-
tion of low-density lipoprotein and cholesterol (Arab
and Steck 2000; Mordente et al. 2011). Further,
evidence acquired from in vitro and in vivo studies
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suggests that lycopene prevents cancers of the skin,
breast, lung, and liver (Khan et al. 2008; Seren et al.
2008).

Lycopene is produced by direct extraction from
tomatoes, chemical synthesis, and microbial fermen-
tation. Because the lycopene content of tomatoes is
low (approx. 0.02 g/kg) and many other carotenoids
are present (Clinton 1998), the extraction method is
relatively expensive. Chemical synthesis is complex
and involves using hazardous materials. Therefore, the
interest in producing lycopene by microbial fermen-
tation has increased and Escherichia coli is widely
used for this purpose (Farmer and Liao 2001; Alper
et al. 2005a, b, 2006; Kang et al. 2005; Yoon et al.
2006, 2007; Jin and Stephanopoulos 2007; Alper and
Stephanopoulos 2008; Choi et al. 2010; Kim et al.
2011).

Several strategies have improved lycopene produc-
tion by E. coli. First, overexpression of genes required
for isoprenoid synthesis that encode components of the
2-C-methyl-p-erythritol-4-phosphate (MEP) pathway,
such as 1-deoxy-p-xylulose-5-phosphate synthase
(dxs) and isopentenyl diphosphate isomerase (idi),
increase supplies of the isoprenoid precursors, iso-
pentenyl pyrophosphate (IPP) and dimethylallyl pyro-
phosphate (DMAPP) (Jin and Stephanopoulos 2007,
Choi et al. 2010). Second, systematic and combinato-
rial methods identified gene knockouts or amplifica-
tion targets for improving lycopene production
(Farmer and Liao 2001; Alper et al. 2005a, b; Kang
et al. 2005; Jin and Stephanopoulos 2007; Alper and
Stephanopoulos 2008; Choi et al. 2010). Third, a
heterologous mevalonate pathway was introduced into
E. coli to increase the IPP supply (Yoon et al. 2006,
2007). Fourth, fermentation processes were optimized
to improve lycopene production, such as adding
auxiliary carbon sources (Kim et al. 2011) and
maintaining high O, levels and pH values (Yoon
et al. 2006).

The genetically-stable E. coli strain CAROO1 that
produces B-carotene was constructed by integrating
into its chromosome the genes encoding components
of the B-carotene pathway of Pantoea agglomerans
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(crtEXYIB) and modulating the expression of dxs, idi,
and crt genes with multiple regulatory parts (Zhao
et al. 2013). In the present study, the genes encoding
zeaxanthin glucosyltransferase (crtX) and lycopene [B-
cyclase (crtY) (Fig. 1) derived from the crtEXYIB
operon of strain CARO01 were deleted to program a
switch from B-carotene to lycopene synthesis. Further,
the expression of certain genes of the pentose phos-
phate and tricarboxylic acid (TCA) pathways that
increase NADPH and ATP supplies (Zhao et al. 2013)
were modulated to increase lycopene production.
Finally, ribosome binding site (RBS) libraries were
used to modulate the expression of dxs, idi, and crt
genes in a further effort to improve lycopene
production.

Materials and methods
Strains and culture conditions

The bacterial strains and plasmids used here are listed
in Table 1. During strain construction, cultures were
grown aerobically at 30, 37, or 39 °C in LB broth (per
liter: 10 g tryptone, 5 g yeast extract, and 5 g NaCl).
For lycopene production, single colonies were picked
from a plate and inoculated into 15 x 100 mm tubes
containing 4 ml LB and grown overnight at 37 °C
with shaking at 250 rpm. This seed culture was used to
inoculate a 100 ml flask containing 10 ml LB (initial
ODggp = 0.05) that was incubated at 37 °C with
shaking at 250 rpm. After 24 h, cells were collected to
measure lycopene production.

Deletion of crtX and crtY genes from strain
CARO001

A two-step homologous recombination method
(Zhang et al. 2007; Jantama et al. 2008) was used to
delete crtX and crtY genes from strain CAROO1 (Zhao
et al. 2013) for lycopene production. In the first
recombination, the car-sacB cassette was amplified
from plasmid pXZ-CS (Tan et al. 2013) using primer
set CrtE-taa-cat-f/Crtl-atg-cat-r to replace the crtXY
genes in CAROOI. In the second recombination, a
DNA fragment was amplified from CAROO1 using
primer set CrtEI-RBS-f/Crtl-484-r. Primer CrtEI-
RBS-f included 50 nucleotides identical to those at
the 3’-end of crtE followed by an artificial RBS



Biotechnol Lett (2014) 36:1515-1522

1517

IPP
ispA crtE

crtB crtl crtY

idi | jspA GPP —» FPP — GGPP —\» Phytoene — Lycopene — [-carotene

™~ N N
PPi IPP PPi IPP PPi

DMAPP

PPi

Fig. 1 Biosynthetic pathway of lycopene and B-carotene. /PP isopentenyl diphosphate, DMAPP dimethylallyl diphosphate, GPP
geranyl diphosphate, FPP farnesyl diphosphate, GGPP geranylgeranyl diphosphate

Table 1 Strains and plasmids used in this work

Relative characteristics Sources

Strains

M1-46 ATCC 8739, FRT-Km-
FRT::M1-46::lacZ

M1-93 ATCC 8739, FRT-Km-
FRT::M1-93::lacZ

CARO01 M1-37::dxs, M1-46::idi, Zhao et al.
M1-93::crtEXYIB (2013)

Lu et al. (2012)

Lu et al. (2012)

LYCO001 MI1-37::dxs, M1-46::idi, This work
M1-93::crtEIB

LYC002 LYCO001, M1-46::sucAB This work

LYCO003 LYCO001, M1-46::sucAB, This work
M1-46::talB

LYC005 LYCO001, M1-46::sucAB, This work
M1-46::talB,
M1-46::sdhABCD

LYC008 LYCO005, RBSLY::crtE This work

LYC009 LYCO008, RBSL12::dxs This work

LYCO010 LYCO009, RBSL7::idi This work

Plasmids
pKD46  blay ff exo (Red recombinase), Datsenko and

temperature-conditional Wanner
replicon (2000)

pXZ-CS  bla; cat-sacB cassette Tan et al. (2013)

sequence (GGAGGATTACTAT). Primer Crtl-484-r
included 484 nucleotides identical to those at the 5'-
end of crtl. This amplicon was used to replace the cat-
sacB cassette by selection for resistance to sucrose.
Colonies were verified using PCR amplification with
primer set ldhA-up/Crtl-484-r, and the colony with the
correct sequence was designated LYCO001 (Table 1).
Primers used in this study are listed in Supplementary
Table 1.

Modulating expression of sucAB, sdhABCD
and ralB genes

A two-step recombination method (Shi et al. 2013)
was used for markerless modulation of the expression

of sucAB, sdhABCD and ralB genes with regulatory
part M1-46 as described previously (Zhao et al. 2013).

Modulating expression of dxs, idi, and crt genes
with RBS library

The native RBS of the crf operon of strain LYC005
was replaced by a RBS library through a two-step
homologous recombination method. First, the cat-
sacB cassette was amplified from pXZ-CS (Tan et al.
2013) using primer set ldhA-up-cat/crtE-sacB-down
and inserted upstream of the ATG translation initiation
codon of crt gene. A DNA fragment containing the
RBS library was amplified from genomic DNA of
recombinant E. coli M1-93 (Lu et al. 2012) using
primer set ldhA-up-P/crtE-RBSL-down and used for
the second recombination to replace the cat-sacB
cassette. E. coli M1-93 was selected from a previously
constructed regulatory parts library, which had a
regulatory part inserted in front of lacZ gene of E. coli
ATCC 8739, and its strength was five times that of the
induced E. coli lacZ promoter (Lu et al. 2012). The
sequence of the RBS library is CAGGAGRNNNNNN.
The upstream region of crtE (from —50 to O relative to
the translation start site of crtE) was used as the
upstream homologous arm, and the partial coding
region of crtE gene (from +1 to +50 relative to the
translation start site of crtE) was used as the down-
stream arm. After the second recombination, colonies
sensitive to chloramphenicol were picked for PCR
verification using primer set p-up/crtE-340-down.
Fifteen colonies with the correct sequences were
selected from each library. The same procedures were
used to modulate expression of dxs and idi genes.

Analysis of lycopene production
Cells were harvested by centrifugation at 4,000 x g for

10 min, suspended in acetone (1 ml), incubated at
55°C for 15 min in the dark, centrifuged at
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Table 2 Lycopene production by representative E. coli strains

Strain® Genetic modifications ODggo Dry cell Lycopene Lycopene Relative increase
weight concentration  yield (mg/g of lycopene
g/l (mg/l) DCW) yield”

LYC001 CARO001, AcrtXY 425+0.22 161 +£0.12 1049 £ 0.52 6.52 £0.11 -

LYC002 LYCO001, SucAB46 379 £0.04 144 +£0.02 1536+0.11 10.67 £0.03 64 %

LYC003 LYCO001, SucAB46- TalB46 379 £0.08 144 £0.04 1589 +£0.08 11.03+0.02 70 %

LYC005 LYCO001, SucAB46-Sdh46-TalB46  4.34 £ 0.04 1.64 £0.02 1891 £0.61 1153 +£0.18 76 %

LYC008 LYCO005, crtE9 4.18 £ 0.34 158 £0.34 20.86 + 0.39 132 £031 102 %

LYC009 LYCO005, crtE9-dxs12 4.82 £0.28 1.83 £0.28 24.34 +£0.37 133 £045 104 %

LYCO010 LYCO05, crtE9-dxs12-idi7 458 +046 1.73+046 2633038 1522+043 133 %

4 Three repeats were performed for each strain, and the error bars represented standard deviation

b Relative increase of lycopene yield was derived by the calculation of dividing lycopene yield from engineered strain by that from

parent strain LYC001 and subtracting 100 %

14,000xg for 10 min and the acetone supernatant
containing lycopene was transferred to a new tube.
Lycopene production was analyzed using HPLC with a
variable wavelength detector set to 480 nm and a Sym-
metry C18 column (250 mm x 4.6 mm, 5 pm, Waters).
Methanol/acetonitrile/dichloromethane (21:21:8, by vol)
was used as the mobile phase at 0.8 ml/min at 30 °C
(Yoon et al. 2009). The results represent the mean =+
standard deviation (SD) of three independent exper-
iments. Dry cell weight (DCW) was calculated as
follows: 1 ODgo9 = 0.379 g DCWI/I.

Fed-batch fermentation

Strains LYCO001, LYCO005 and LYCO010 were used to
produce lycopene through fed-batch fermentation.
The medium used for seed preparation and fermenta-
tion was described previously (Zhao et al. 2013). The
seed culture was prepared by inoculating several
colonies into a 250 ml flask containing 50 ml culture
medium and incubating at 37 °C with shaking at
250 rpm for 14 h. The seed was then transferred to a
fermentor (7 1) (Infors Biotechnology Co. Ltd) con-
taining medium (3 1) with an initial ODgyg = 0.4.
Fermentation was carried out at 30 °C with an air flow
of 3 1/min. Dissolved O, was maintained at 30 % by
adjusting the agitation speed from 300 to 1,200 rpm.
The pH was maintained at 7 by automatic addition of
5 M NH,OH. A fed solution containing (per liter)
500 g glycerol, 15 g peptone, 30 g yeast extract, and
30 g MgS04-7H,0, was added to the fermentor at an
average rate of 20 ml/h.

@ Springer

Results and discussion

Deletion of crtXY genes from strain CAR001
for lycopene production

Strain CAROO1 was previously engineered to produce
B-carotene (Zhao et al. 2013). The gene operon
required for B-carotene synthesis by P. agglomerans
(crtEXYIB) was integrated into the E. coli chromo-
some at the /dhA site, and its expression was controlled
by regulatory part M1-93 (Lu et al. 2012). Further, dxs
and idi genes were modulated by regulatory parts M1-
37 and MI1-46, respectively, to increase IPP and
DMAPP supplies. Strain CAROOI produces 25.7 mg
B-carotene/l, equivalent to 18.4 mg/g DCW (Zhao
et al. 2013).

IPP and DMAPP are converted to B-carotene in
strain CAROO1 by farnesyl diphosphate synthase
(IspA), geranylgeranyl diphosphate synthase (CrtE),
phytoene synthase (CrtB), phytoene desaturase (Crtl),
and lycopene B-cyclase (CrtY) (Fig. 1). To switch B-
carotene to lycopene production, the crtY gene should
be deleted. Further, zeaxanthin glucosyltransferase
(CrtX) is not required for lycopene production. Strain
LYCO001 was created by deleting crtX and crtY genes
from strain CAROO1. This strain produced 10.49 mg
lycopene/l, equivalent to 6.52 mg/g DCW (Table 2).

Engineering central metabolic modules to improve
lycopene production

ATP and NADPH are two cofactors for terpenoid
synthesis. The synthesis of B-carotene is enhanced by
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modulating the expression of genes encoding o-
ketoglutarate dehydrogenase (sucAB), succinate dehy-
drogenase (sdhABCD) and transaldolase B (talB) that
are components of central metabolic modules (Zhao
et al. 2013). Modulating sucAB and sdhABCD genes
could enhance carbon flux towards TCA cycle and
increase NADPH and ATP supply. Modulating talB
gene could enhance carbon flux towards pentose
phosphate module and increase NADPH supply.
Therefore, the expression of these genes was modu-
lated in LYCOOI to investigate whether lycopene
synthesis was improved.

Strain LYCO002 was created by introducing regula-
tory part M1-46 into strain LYC001 to modulate the

expression of sucAB gene. Lycopene production
increased 46 % to 15.4 mg/l and yield increased
64 % to 10.7 mg/g DCW (Table 2). Strain LYC003
was created by introducing regulatory part M1-46 into
strain LYC002 to modulate the expression of ralB
gene, which increased lycopene from 10.7 mg/g DCW
to 11 mg/g DCW (Table 2). Strain LYC005 was
created by inserting regulatory part MI1-46 into
LYCO003 to modulate the expression of the sdhABCD
operon. This strain produced 18.9 mg lycopene/l,
equivalent to 11.5 mg/g DCW (Table 2). The lyco-
pene yield increased 76 % after modulating the
expression of sucAB, sdhABCD and talB genes
(Table 2). These results indicate that engineering
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Fig. 3 Relative lycopene
production by E. coli strains
after co-modulating
expression of dxs and idi
genes of strain LYCO008
using RBS libraries.
Lycopene yields were
compared with that of strain
LYCO005. a Co-modulating
dxs and crt genes, b co-
modulating dxs, idi, and crt
genes

14

Relative lycopene yield

o

Relative lycopene yield

central metabolic modules shows promise as a general
strategy to improve the efficiency of the terpenoid
synthetic pathways, which require ATP and NADPH
as key cofactors.

Modulating expression of dxs, idi, and crtE genes
of strain LYCO005 with RBS library

During the construction of strain CAR001 for (-
carotene production, three regulatory parts were
selected for modulating the expression of dxs and idi
genes, and two regulatory parts were selected for
modulating the expression of crt operon (Zhao et al.
2013). Modulating dxs, idi, and crt genes with
regulatory parts M1-37, M1-46 and M1-93, respec-
tively, was identified to be the best combination for -
carotene production. However, the strengths of these
regulatory parts may not be optimal for lycopene
production. It was suggested that modulating expres-
sion of these important genes with regulatory parts

@ Springer

libraries would have more opportunities to obtain
higher lycopene production.

For this purpose, a RBS library (CAG
GAGRNNNNNN) was inserted to the upstream of
the ATG translation initiation codon to modulate the
expression of dxs, idi, and crt genes. Inserting
sequences from this RBS library upstream of E. coli
ATCC 8739 lacZ altered lacZ expression levels (after
induction of the lacZ promoter) by factors ranging
from 0.17 to 8.6 (Chen et al. 2013). Using this
approach, these RBS library sequences were inserted
into strain LYCO0O05 to modulate expression of dxs, idi,
or crt gene. Fifteen colonies were randomly selected
from each library (Fig. 2). For dxs gene, lycopene
yields ranged by factors of 0.73-1.13 compared with
that of LYCO005 (Fig. 2a), and the best strain, dxs8,
produced 18.3 mg lycopene/l, equivalent to 13.1 mg/g
DCW. For idi, lycopene yields ranged by factors of
0.67-1.13 compared with that of LYCO005 (Fig. 2b),
and the best strain, idi9, produced 18.3 mg lycopene/l,
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equivalent to 13 m/g DCW. For the crt operon,
lycopene yields ranged by factors of 0.88-1.14
compared with that of LYCO005 (Fig. 2c), and the best
strain, crtE9 (designated LYCO008), produced 20.9 mg
lycopene/l, equivalent to 13.2 mg/g DCW (Table 2).
Modulating dxs, idi and crt genes with RBS libraries
ledto 13, 13 and 14 % improvement of lycopene yield
compared to parent strain, suggesting that this gene
modulation strategy would have more opportunities to
obtain optimal strength for production of target
compound.

Because the lycopene yields of strain LYC008 were
highest, it was subjected to further manipulation of dxs
and idi genes using the RBS library. After modulating
dxs gene in strain LYCO008, the lycopene yields of the
resulting strains ranged by factors of 0.77-1.15 com-
pared with that of LYCO005 (Fig. 3a). The best strain,
crtE9-dxs12 (designated LYCO009), produced 24.3 mg
lycopene/l, equivalent to 13.3 mg/g DCW (Table 2).
After modulating idi gene in strain LYCO009, the

Time (hr)

Time (hr)

50 60 70 80 90 100 110
Time (hr)

lycopene yields of the resulting strains ranged by
factors of 1.05-1.32 times compared with that of
LYCO005 (Fig. 3b). The best strain, crtE9-dxs12-idi7
(designated LYCO010), produced 26.3 mg lycopene/l,
equivalent to 15.2 mg/g DCW (Table 2). Combined
manipulation of these three genes with RBS libraries
resulted in 32 % improvement of the lycopene yield.
The RBS sequences of the dxs, idi, and crt genes of
strains LYC006, LYC007, LYCO008, LYCO009, and
LYCO010 are listed in Supplementary Table 2.

Fed-batch fermentation of strains LYCO001,
LYCO005 and LYCO10 for lycopene production

To increase lycopene production, fed-batch fermenta-
tion of strains LYC001, LYCO005 and LYCO010 was
performed in a 7 1 fermentor at pH 7.0. Strain LYC001
produced 0.47 g lycopene/l and the yield was
11.1 mg/g (Fig. 4a). Strain LYCO00S produced 0.95 g
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lycopene/l and the yield was 21.3 mg/g (Fig. 4b).
Strain LYCO10 produced 3.52 g lycopene/l and the
yield was 50.6 mg/g (Fig. 4c). Lycopene yields of
strains LYCO001, LYCO005 and LYCO10 under fed-
batch condition were 79, 85 and 233 % higher than
those under shake flask conditions, respectively. This
might be due to deficient nutrient and oxygen supply
under shake flask conditions. It was also suggested that
shake flask conditions limited the improvement of
lycopene yield by modulating dxs, idi and crt genes
with RBS library. To the best of our knowledge,
lycopene concentration and yield of strain LYC010
are the highest for engineered E. coli strains.
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