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The stability and high productivity of heterogeneous terpenoid production in Escherichia coli expression system is
one of the most key issues for its large scale industrialization. In the current study on taking lycopene biosyn-
thesis as an example, an integrated Escherichia coli system has been generated successfully, which resulted into
stable and high lycopene production. In this process, two modules of mevalonate (MVA) pathway and one
module of lycopene expression pathway were completely integrated in the chromosome. Firstly, the copy
number and integrated position of three modules of heterologous pathways were rationally optimized. Later, a
strain DH416 equipped with heterogeneous expression pathways through chromosomal integration was effi-
ciently derived from parental strain DH411. The evolving DH416 strain efficiently produced the lycopene level of
1.22 g/L (49.9 mg/g DCW) in a 5 L fermenter with mean productivity of 61.0 mg/L/h. Additionally, the inte-

grated strain showed more genetic stability than the plasmid systems after successive 21st passage.

1. Introduction

The terpenoid family comprises of the largest class of organic prod-
ucts with over 80,000 characterized members [1]. Many terpenoids
have substantial commercial values as perfumes, cosmetics, food addi-
tives, and pharmaceutical products [2-6]. Lycopene is a carotenoid Cyq
terpenoid with numerous therapeutic functions, such as anti-oxidative
property, immunity enhancer, and effective against ocular and cardio-
vascular diseases [7-9]. In biological organism, all terpenoids are
derived from the common Cs building blocks, such as isopentenyl
diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP)
are synthesized either from mevalonate (MVA) pathway or from
2-C-methyl-D-erythritol-4-phosphate (MEP) pathway [10-12].

In the last two decades, several synthetic biological techniques have

Abbreviations: MVA pathway, Mevalonate pathway.
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been developed to boost terpenoids yield in microbial host [11,13-15].
In this regard, due to the fast growth rate and availability of genetic
tools, Escherichia coli has become one of the most commonly used hosts
for synthetic production of terpenoids. Naturally, it utilizes the MEP
pathway to produce terpenoids in smaller proportions, but it’s not
enough to meet the growing demand [11]. So, there are multiple engi-
neering techniques that commonly exploit at the genomic level in
Escherichia coli to achieve a high yield of terpenoids, either by enhancing
the endogenous MEP pathway or by introducing heterogeneous MVA
pathway to develop IPP and DMAPP pools. In 2003, the heterogeneous
MVA pathway was also employed by Martin and his coworkers for sig-
nificant production of sesquiterpene amorpha-4,11-diene in Escherichia
coli. Previously, this same approach enabled a low-cost and environment
friendly conversion of renewable acetyl-CoA into valuable terpenoid
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[11]. This genomic approach had proven to be more beneficial in
comparison to the enhancement of endogenous MEP pathway due to
certain aspects. Firstly, the heterogeneous MVA pathway bypassed the
MEP pathway, which was regulated by unknown physiological stimuli in
Escherichia coli [11]. Secondly, there was only one precursor involved in
the MVA pathway; whereas, the MEP pathway encountered the meta-
bolic problem of an imbalanced supply of precursors such as pyruvate
and glyceraldehyde 3-phosphate (G3P) [16]. Thirdly, the MVA pathway
depends upon cofactor availability to generate one lycopene molecule
[17,18]. The demand of redox partners is quite higher for the MEP
pathway along with hydroxymethylbutenyl 4-diphosphate (HMBPP)
synthase, HMBPP reductase and DXP reductase, each requiring 1
NADPH for the accomplishment of a particular step. On the other hand,
the MVA pathway needs 2 NADPH for the production of mevalonate by
3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase. It demon-
strates that three steps of the MEP pathway rely heavily on NADPH’s
availability for proper functioning, which is mainly supplied by pentose
phosphate pathway. In the MVA pathway, only one step is regulated in
this way. Therefore, the requirement of NADPH and ATP in the MVA
pathway is quite lesser than the MEP pathway. The MVA pathway
produces 46 mol NADH to generate one mole of terpenoids compared to
6 mol NADH produced as a result of MEP pathway. So, the former
pathway ensures the supply of enough NADH molecules through the
oxidation of pyruvate to acetyl-CoA, while consuming glucose as major
carbon source [18-22]. Upon comparing the both pathways’ attributes,
the heterologous MVA pathway has shown better results of terpenoids
production in Escherichia coli. (see Table S1, Supporting Information),
such as isoprene [23-25], isopentenol [26,27], sabinene [28], pinene
[29-31], limonene [32], geraniol [33,34], amorpha-4,11-diene [11,
35-38], bisabolane [39], farnesene [40], Farnesol [41], valerena-1,
10-diene [42], p-caryophyllene [43,44], and lycopene [45,46]. Among
these reported works, some effective strategies were implemented to
enhance the terpenoid level, including the reduced formation of
fermentation byproducts [23], analysis of targeted proteins [26,37,40],
fusion of proteins [29], enzyme mutant [30], and controlled conversion
of acetic acid [44]. All these outstanding results (Table S1 Supporting
Information) demonstrate effectiveness of MVA pathway in Escherichia
coli. Shen and his colleague conducted various scientific researches to
get optimum lycopene production by overcoming genetic instability of
plasmid-based expression systems through promoter engineering of in-
tegrated MVA pathway in Escherichia coli [47]. Thus the heterogeneous
expression pathways were more stable, and had constant copy number.
However, the lycopene level (529.45 mg/L) was lower than Zhou et al.‘s
report (1.44 g/L) based on plasmid systems in a fed-batch culture mode
[46,48]. This lower lycopene level might have been due to the imbal-
anced heterogeneous expressing pathways.

In the current study, the main focus is to rationally generate a stable
integrated strain with higher lycopene productivity. In our previous
work, one copy of Pr; (T7 promoter)-MVA pathway and Pty (T7lac
promoter)-lycopene expression pathway was chromosomally integrated
into Escherichia coli, and T7 RNA polymerase gene-tet® was integrated
into the araB site, generating the strain DH411. Thus, the T7 RNA po-
lymerase was under the control of araC-Pgap, and L-arabinose could be
used as inductor to produce lycopene. However, its specific lycopene
production was 0.66 mg/g DCW (dry cell weight), which was considered
very low [49]. In order to improve the lower productivity, many pre-
vious studies have shown that chromosomal positioning has a notable
impact on gene transcription to get the desired level of product [50,51].
Hence, in this study, a rational strategy is developed to engineer unique
model of expression pathway which is employed to determine the op-
timum copy number and to select better chromosomal integrated posi-
tion. The final Escherichia coli strain DH416 achieves the mean lycopene
productivity of 61.0 mg/L/h after fed-batch culture. In addition, it has
relatively better stability of lycopene productivity than the strain car-
rying plasmid systems.
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2. Materials and methods
2.1. Cloning strains, primers and chemicals

The strains and plasmids used in this study are described in Table 1.
E. coli DH5a, DH1 and DMT were used to construct plasmids. E. coli DMT
was exploited for the elimination of the methylated plasmid in vivo. The
manufacturing of all primers were executed by GENEWIZ Co. (Suzhou,
China) and described in Table S2. Rapid DNA Ligation Kit (Lot
00225679), PrimeSTAR HS DNA polymerase, Restriction enzymes (Lot
00213114), Gel Extraction Kit (Lot 00071311), CloneExpress MultiS
One Step Cloning Kit, and Plasmid Miniprep Kit (Lot 01915KA1) were
purchased from Thermo Fisher Scientific Inc. (MA, USA), Vazyme
Biotech Co. (Nanjing, China), TaKaRa Biotechnology Co. (Dalian, China)
CloneExpress MultiS One Step Cloning Kit, Corning Inc. (Wujiang,
China), or CloneExpress MultiS One Step Cloning Kit. All operations
were commenced as per the manufacturer’s instructions.

2.2. Culture conditions

Luria Broth (LB) (10 g/L tryptone, 5 g/L yeast extract and 10 g/L
NaCl) medium or agar plates medium was used for cell inoculation. LBS
agar plates (LB agar plates without NaCl but containing 6% sucrose)
were used for sacB counter selection of the landing pad plasmids [52].
Cells were grown at 30 °C and helper plasmid curing was done at 42 °C.
For lycopene production, cells were cultured at 220 rpm at 30 °C in test
tube with 5 mL FMGAT medium (15 g/L tryptone, 12 g/L yeast extract,
5 g/L NaHyP04-2H50, 7 g/L KaHPO4-3H,0, 2.5 g/L NaCl, 5 g/L Tween
80, 10 g/L glycerol, 0.5 g/L MgSOy, 2 g/L glucose, and 2 g/L 1-arabi-
nose), and original inoculum concentration was 0.05 (ODggonm) [49].
Ampicillin (50 pg/ml), chloramphenicol (25 pg/ml), and kanamycin
(25 pg/ml) were added for plasmid maintenance.

2.3. Fermentation of strain DH416

To achieve the seed culture, two colonies of strain DH416 were
grown overnight at 30 °C in each 240 mL of LB medium respectively
until the ODgoonm reached to 3.5. The 120 mL overnight culture from
two bottles was together inoculated into 5 L bioreactor (Shanghai
Guoqiang Bioengineering Equipment Co., Ltd, Shanghai, China) having
initial volume of 3 L medium for fed-batch fermentation. The medium
comprises of glucose (180 g), tryptone (45 g), yeast extract (36 g),
NaH,PO4-2H,0 (9 g), KoHPO4-3H,0 (21 g), NaCl (7.5 g), Tween 80 (15
g), MgS04 (2.2 g), and defoamer (5 g). At initial stage of fermentation,
the temperature was maintained at 37 °C while the gas flow was 3 L/h,
and pH was adjusted at 6.9-7.1 by using NH4OH. Moreover, the
continuous agitation was adjusted at 500 rpm, which was required to
achieve dissolved oxygen tension above 20%. After 7.5 h, 12 g r-arabi-
nose was added into the system, and the temperature was changed to
33 °C. Then, 0.234 g glucose was added into the system within time
period of 120 s. The 6 g 1-arabinose was added into the system at 12 h of
the fermentation [53].

2.4. Genes

The ES cassette catalyzes the conversion from acetyl-CoA to meva-
lonic acid (MVA upper pathway), including genes mvaE and mvaS
amplified from genome of Enterococcus faecalis (GenBank: AF290092.1).
The S1 cassette catalyzes the conversion from mevalonic acid to IPP and
DMAPP (MVA lower pathway), consists of codon-optimized genes fni,
mvk, mvaK2, and mvd1 from Streptococcus pneumoniae which synthesized
by GENEWIZ, Inc (see Table S3, Supporting Information) [49]. The GC
cassette catalyzes the transformation from IPP and DMAPP to lycopene
(Lycopene expression pathway), comprise of codon-optimized idsA from
Archaeoglobus fulgidus (see Table S3, Supporting Information) and crtl
and crtB from genome of Pantoea agglomerans [52].
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Table 1
Strains and plasmids used in this study.
Name Description Reference
Strains
E. coli deoR recAl endA1 hsdR17(ri; my) phoA supE44 )" thi- Takara
DH5a 1 gyrA96 relAl
E.coliDH1  supE44 hsdR17 recAl endA1 gyrA96 thi-1 relAl Our
laboratory
E. coli lacZAM15A(lacZYA-argF)U169 recAl endAl hsdR17 TRANSGEN
DMT (ric mi\) phoA supE44 thi-1 gyrA96 relAl tonA

Strains used for lycopene production
DH411 DHO06 A23™:: T7lac GC (counter-clockwise) A64™:: [49]

T7 S1 A57™:: T7 ES araB::T7RNAP-tetA
DH412 DH411 A8™:: T7 GC (counter-clockwise) This study
DH422 DH411 A44™: T7 GC This study
DH432 DH411 A58™: T7 GC This study
DH442 DH411 AlpxM:: T7 GC (counter-clockwise) This study
DH414 DH412 AlpxM:: T7 GC (counter-clockwise) This study
DH416 DH414 A58™: T7 S1 This study
D411E DH411/pCC1E This study
D411S DH411/pCC1S This study
D411G DH411/pCC1G This study
D411ES DH411/pCC1ES This study
D411EG DH411/pCC1EG This study
D411SG DH411/pCC1SG This study
D412SS DH412/pCC1SS This study
D412SG DH412/pCC1SG This study
D422SG DH422/pCC1SG This study
D432SG DH432/pCC1SG This study
D4425G DH442/pCC1SG This study
D414S DH414/pCC1S This study
D414sS DH414/pCC1SS This study
D414SG DH414/pCC1SG This study
Plasmids
pET3b PMBL1 origin, T7 promoter; Amp? Novagen
Pete pET3b derived, carrying T7 ES; Amp® Our

laboratory

PETS PET3b derived, carrying T7 S1; Amp® [49]
PETG PET3b derived, carrying T7 GC; Amp® [49]
pCC1FOS oriV, ori2, repE, parA, parB, parC, cos, loxP, lacZ, Epicentre

redF; Cm®
pCC1E pCC1FOS derived, carrying T7 ES; Cm® This study
pCC1S pCC1FOS derived, carrying T7 $1; Cm® [49]
pCC1G pCC1FOS derived, carrying T7 GC; Cm® This study
pCC1ES pCC1FOS derived, carrying T7 ES and T7 S1; Cm® This study
pCClEG pCC1FOS derived, carrying T7 ES and T7 GC; Cm® This study
pCC1SS pCC1FOS derived, carrying T7 $1 and T7 S1; Cm® [49]
pCC1SG pCC1FOS derived, carrying T7 S1 and T7 GC; cm® [49]
Plasmid used for integration
Helper plasmid
pCNA PKOBEG derived, carrying I-Crel endonuclease gene [52]

at Nhe I site; Amp®
PSNA PKOBEG derived, carrying I-Scel endonuclease gene [52]

at Nhe I site; Amp®
PSNK PpKOBEG derived, carrying I-Scel endonuclease gene [52]

at Nhe I site; Kan®
Landing pad plasmid
pBDC p15A origin, sacB cassette, I-Crel sites; Cm® [58]
pBDK P15A origin, sacB cassette, I-Crel sites; Kan® [58]
pBDC-8ri pBDC derived, carrying eighth homologous region; [52]

cm®
pBDC-44i pBDC derived, carrying 44th homologous region; [52]

Cm®
pBDC-58i pBDC derived, carrying 58th homologous region; [52]

cm®
pBDC-Li pBDC derived, carrying IpxM homologous region; [49]

Cm®
Donor plasmid
pKI pMB1 origin, I-Scel sites; Kan® [49]
PETIS PET3b derived, I-Scel sites; Amp® [49]
PKILE PMB1 origin, T7 ES, I-Scel sites; KanR, carrying lpxM [49]

homologous region
pKIS PKIS derived, carrying T7 S1; Kan® [49]
PETISG PETIS derived, carrying T7 GC; Amp® [49]
PKLIG pMB1 origin, T7 GC, I-Scel sites; Kan®, carrying l[pxM  This study

homologous region
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2.5. Plasmid construction

The backbone of pCC1E (fragment CC1) was amplified from plasmid
pCC1FOS with the primers RP5 and FP3. The fragment ESCC containing
T7 ES flanked by 15-20 bp homologous region of fragment CC1 was
amplified from plasmid pETE with the primers BI5 and BI3. The frag-
ment GCCC was obtained by the same method but its template was
plasmid pETG [49]. Two fragments, CC1 and ESCC (or GCCC) were
homologous assembled in vitro using One Step Cloning Kit (Vazyme
Biotech Co.) to create the plasmid pCC1E (or pCC1G), and identified by
PCR using the primers FP-0 and RP-1.

The fragment ESX containing T7 ES was achieved by PCR using
primers BI5 and LP3 and pETE as a template. The fragments XS1 (XGC)
were obtained by PCR using the same primers LP5 and BI3, and pETS
(pETG) [49], as a template respectively. Three PCR products, CC1, ESX,
and (XS1 or XGC) were assembled in vitro to create the plasmids pCC1ES
and pCC1EG respectively.

The fragment KIL containing pBM1 ori, I-Scel endonuclease (Intron-
encoded endonuclease) recognition sites, IpxM (Lipid A biosynthesis
myristoyltransferase) non-essential region (GenBank: CP001637.1/
1,937,085-1,938,013 bp), and kan gene was achieved by PCR using
primers PKR5 and PKL3, and pKILE as a template. Two PCR products,
KIL and GCCC were assembled in vitro to create the plasmid pKILG.

2.6. Integration method

The integration of expression pathway was performed according to
the previous report [52]. In the first step, the helper plasmid produced
I-Crel endonuclease (Homing endonuclease) and Red recombinases. The
landing pad plasmid released the target DNA fragment containing cat
gene, homologous regions, and landing pad regions digested by I-Crel
endonuclease to replace the nonessential region. In the second step, the
helper plasmid produced I-Scel endonuclease and Red recombinases.
The chromosome DSB (double-strand break) was produced by excision
of the cat gene (catalase) and then repaired with the heterogeneous
expression pathway flanked by landing pad regions, which was released
from the donor plasmid.

2.7. Analytical methods of lycopene

The collection of cells and detection of lycopene contents were car-
ried out by following the previous studies [45,46,49,54]. The Escherichia
coli cells were harvested by centrifugation, and then washed once with
dd H,0 (double-distilled water). The lycopene accumulated in cells were
extracted with acetone in dark at 55 °C for 15 min. The samples were
centrifuged at 11,340xg for 10 min. The lycopene content was deter-
mined by measuring the absorbance at 474 nm using an UV-2100
spectrophotometer (Ultraviolet-2100 spectrophotometer) (UNICO co.,
Shanghai,  China). Lycopene purchased from  analytical
SIGMA-ALDRICH was used as the standard. Three independent experi-
ments were performed with representation of mean + standard devia-
tion. The coefficient of 0.37 g DCW/ODggonm Was used to calculate the
specific lycopene production [49].

2.8. RNA isolation and qRT-PCR analysis

Mostly, the expression levels related to gfp (green fluorescent pro-
tein) mRNA was quantified through qRT-PCR technique in various BRY
strains (experimental E. coli strain). The isolation of total RNA was
achieved by an RNeasy Mini kit with on-column DNase I digestion
(Qiagen) and RNA later (Ambion) stabilization solution. There would be
areverse transcription of total RNA by exploiting a tetro cDNA synthesis
kit (Bioline) accompanied with oligonucleotides specific for both genes,
termed as bglB and gfp. Concurrently, the Mx3000P qPCR system and
(Agilent) and Brilliant III Ultra-Fast SYBR Green QPCR master mix
(Agilent) employed cDNA as template in qPCR. However, the
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determination of relative expression levels of target gfp gene by taking
bglB (beta-glucosidase) as reference gene is accomplished by normal-
izing reaction threshold cycle (CT) values. CT values for un-induced, no
isopropyl -D1-thiogalactopyranoside is chosen as calibrators for exam-
ining the results by the relative quantification method (272ACT) [55].
Three separate biological replicates were created by repeating each re-
action three times in order to obtain mean and standard deviation
values.

3. Results and discussion
3.1. Constructing of the model of expression pathway

In order to biosynthesize lycopene from acetyl-CoA in vivo, nine
heterologous genes were simplified as three elements ES, S1, and GC
cassette corresponding to “MVA upper pathway”, “MVA lower
pathway”, and “Lycopene expression pathway” (Fig. 1). This rational
model directs the pathway optimization design to construct the inte-
grated heterogeneous expression pathway unlikely to plasmid based
expression system (Fig. 2A). Thus, in present study relating to optimi-
zation of heterogeneous pathway, a series of sub-models were generated
(Fig. 2B). To verify which heterogeneous expression pathway needed to
be overproduced initially, the strain DH411 was transformed with the
single copy plasmid pCC1FOS carrying ES cassette, S1 cassette, or GC
cassette respectively, which in turn generating D411E (DH411/pCC1E),
D411S (DH411/pCC18S), and D411G (DH411/pCC1G) strains (Fig. 2B).
However, no obvious improvement in specific lycopene production was
analyzed (Fig. 3A). It indicated that the next integrated set up comprised
of more than one expression pathway for accelerated overexpression
while comparing to initial design. So, the two of the three pathways
were constructed on the backbone of plasmid pCC1FOS, generating
pCC1ES, pCClEG, and pCClSG plasmids respectively. The strains
D411ES, D411EG, and D411SG were generated by transforming the
plasmids pCC1ES, pCClEG, and pCC1SG into DH411 strain corre-
spondingly. Based on the above mentioned results, D411SG was selected
as the best integrated strain because of its highest specific lycopene
production approximately up to 19.66 mg/g DCW, which is nearly 30-
folds higher than starting strain DH411 (Fig. 3A). This result indicated
that both MVA lower pathway and lycopene expression pathway needed
to be overexpressed to amplify the final product yield same as in pre-
vious studies [49]. Moreover, this result showed that low copy of het-
erologous expression pathways was sufficient for lycopene production in
integrated strain. So, the acquaintance of copy number of heterologous
expression pathways is necessary to design efficient expression pathway.

As shown in Fig. 2B, the model of expression pathway was con-
structed according to the copy number of heterologous expression
pathways. After construction of pathway, the best productive strain up
to now is D411SG (DH411/pCC1SG) which carries overexpressing MVA
lower pathway and lycopene expression pathway and belongs to 7th
sub-model (Fig. 2B).

To test whether MVA lower pathway or lycopene expression
pathway needed to be further overexpressed. The DH412 strain was
designed which has one GC cassette at the position 8th nonessential
region (GenBank: CP001637.1/413,909-430,258 bp) more than
DH411strain and followed by transformation of the plasmids pCC1SS
and pCC1SG into DH412 strain relatively. This transformation conse-
quences into two evolve strains D412SS (DH412/pCC1SS) (8th sub-
model) and D412SG (DH412/pCC1SG) (9th sub-model) which both
had one copy of SI cassette and GC cassette more than D411SG,
respectively (Fig. 2B). Although the D412SS strain has better growth
ability at ODgponm Which is 6.03, but on other hand the D412SG strain
achieved the better lycopene production of 36.68 mg/g DCW, which is
1.87-fold and 1.52-fold higher than D411SG and D412SS, respectively
(Fig. 3B). Thus, the 9th sub-model (D412SG strain) is declared as the
best productive sub-model among all previous eight sub models, con-
sisting upon 1 copy of MVA upper pathway, 2 copies of MVA lower
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pathway, and 3 copies of lycopene expressing pathway.
3.2. Effect of integrated position of lycopene expression pathway

To further improve the lycopene production, the GC cassette was
integrated into the 44th region (GenBank: CP001637.1/
3,033,115-3,048,652 bp), 58th region (GenBank: CP001637.1/
4,184,313-4,200,717 bp), and IpxM site (Fig. 3C) of DH411 strain,
correspondingly, for the generation of DH422 (DH411 A44™: T7 GO),
DH432 (DH411 A58™: T7 GC) and DH442 (DH411 AlpxM: T7 GC)
strains. Then transformation of plasmid pCC1SG into DH422, DH432,
and DH442 strains, resulted into three strains D422SG, D432SG, and
D442SG, respectively. All latterly productions belonged to 9th sub-
model (Fig. 2B), however, the integrated position of one copy of GC
cassette was different from D412SG. As shown in Fig. 3B, strain D432SG
had the best lycopene production which was 38.05 mg/g DCW. How-
ever, the D442SG strain had the best growth ability, nearly 1.8, 2.1, and
2.2-folds more than D412SG, D422SG, and D432SG strains, but its
lycopene yield and growth ability was lower than the other strains of 9th
sub-model. The lycopene level of D442SG (DH442/pCC1SG) strain was
significantly increased by 80.7% from D412SG (76.04 mg/L of D442SG
vs 42.81 mg/L of D412SG) because of development of growth ability
after integration of GC cassette into IpxM site, while the lycopene yield
of both D412SG and D442SG strains were similar (Fig. 3B).

In addition, the effect of integrated positions (the 44th region, 58th
region and lpxM) were not limited by the heterogeneous pathways. The
growth ability or lycopene level was increased about 1-fold after inte-
gration of ES cassette at [pxM site [49]. Moreover, the integration of ES
cassette at 58th region successfully achieved the highest lycopene pro-
duction [49]. Aforementioned results indicated the 58th region and
IpxM site were superior integrated positions. Therefore, we suspected
that the enhancement of growth ability was due to the deletion of
nonessential genes or regions. Recently, Gyorgy Posfa and his co-worker
developed the E. coli MDS42 strain, has a chromosome that is 14.3%
smaller than that of its parental E. coli strain MG1655. This precise
deletion of nonessential genes imparts favorable characteristics in
MDS42 strain in the shape of robust growth and higher cell density
under appropriate fermentation conditions, as well as increased trans-
formation efficiency relative to MG1655 [56]. Consequently, the present
study demonstrated that qRT-PCR is an applicable, simple and repro-
ducible tool to study gene expression of lycopene pathway. The effect of
chromosomal positions (8th, 44th, 58th, IpxM) on gene expression in
E. coli was quite profound. Four chromosomal integrated lycopene
producing strains D412SG, D422SG, D432SG and D442SG were studied
under qRT-PCR technique to determine their relative gene transcription
level as shown in Table 2.

3.3. Construction of an integrated lycopene production strain and its fed-
batch fermentation

According to the result of chromosomal multiple position integration
strategy, based on strain DH412, the [pxM site was chosen for integration
of GC cassette, which in turn develop another strain, named as DH414
(DH412 AlpxM: T7 GC) and followed by plasmid transformation which
were pCC1SS and pCC1SG plasmids to form D414SS (DH414/pCC1SS)
(10th sub-model) and D414SG (DH414/pCC1SG) (11th sub-model)
(Fig. 2B). After developing eleven sub-models (strains), the further in-
crease in either MVA lower pathway or lycopene expression pathway to
generate other sub-model (strain) didn’t enhance the specific lycopene
production that shown in (Fig. 3D). It denoted that the 9th sub-model
was the best one while comparing with other eleven sub-models. The
S1 cassette was integrated at 58th region to make DH416 strain. After
24 h of shaking at test tube scale, the specific lycopene production and
lycopene level of integrated DH416 strain was reported as 35.34 mg/g
DCW (Figs. 3D) and 92.66 mg/L (Fig. 4A) which was 53.6 and 17.0 fold
higher than the starting strain DH411, correspondingly (Fig. 4).
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Fig. 1. The heterogeneous and endogenous path-
ways involved in lycopene production in E. coli.
Green arrows: the heterogeneous MVA pathway and
lycopene expression pathway. Black arrows: the
endogenous pathway. The heterogeneous MVA
pathway is from acetyl-CoA to isopentenyl diphos-
phate and dimethylallyl diphosphate, while the
endogenous MEP pathway comes from pyruvate and
glyceraldehyde 3-phosphate. Intermediates: A-CoA,
acetyl-CoA; AA-CoA, acetoacetyl-CoA; HMG-CoA, 3-
hydroxy-3-methylglutaryl-CoA; MVA, mevalonate;
MVA-5-P, mevalonate 5-phosphate; MVA-5-PP,
mevalonate pyrophosphate; IPP, isopentenyl pyro-
phosphate; DMAPP, dimethylallyl pyrophosphate;
Pyr, pyruvate; G3P, glyceraldehyde 3-phosphate;
DXP, 1-deoxy-p-xylulose 5-phosphate; MEP, 2-C-
methyl-p-erythritol ~ 4-phosphate; CDP-ME, 4-
diphosphocytidyl-2-C-methyl-D-erythritol; CDP-
MEP, 4-diphosphocytidyl-2-C-methyl-D-erythritol
2-phosphate; ME-cPP, 2-C-methyl-D-erythritol 2,4-
cyclopyrophosphate; HMBPP, 1-hydroxy-2-methyl-
2-(E)-butenyl  4-pyrophosphate.  Heterogeneous
pathway genes: mvaE, acetoacetyl-CoA thiolase/
HMG-CoA reductase gene; mvaS, HMG-CoA syn-
thase gene; mvk, mevalonate kinase gene; mvak2,
phosphomevalonate kinase gene; mvd1, mevalonate
pyrophosphate decarboxylase gene; fni, IPP isom-
erase gene; idsA, bifunctional short chain isoprenyl
diphosphate synthase gene; crtB, phytoene synthase
gene; crtl, phytoene desaturase gene.
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Fig. 2. The rational model of heterogenous expression pathway. A) The project of the model. “N” indicates the lycopene yield isn’t enhanced after genome’s
modification. “Y” demonstrates the improvement in lycopene yield. “a, b, c ...” designates the various steps in rational model of heterogeneous expression pathway.
B) The results of the model: The sub-model was based on the copy number of heterogeneous expression pathway. ES: mvaE-mvaS from E. faecalis V583; S1: fni-mvk-
mvaK2-mvd1 from S. pneumoniae; GC: gps from A. fulgidus and crtl-crtB from P. agglomerans. Red line: the lycopene production increased; Blue line: the growth ability
increased; Green line: the lycopene yield dropped.
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Fig. 3. The specific lycopene production, growth ability, lycopene level of strains, and integrated positions of lycopene expression pathway. A) The specific lycopene
production of Escherichia coliDH411, D411E, D411S, D411G, D411ES, D411EG, and D411SG. B) The specific lycopene production, growth ability, and lycopene level
of D412SS, D412SG, D422SG, D432SG, and D442SG. C) Four positions (8th nonessential region, 44th nonessential region, 58th nonessential region, and IpxM site)

were chosen for integration of lycopene expression pathway respectively. D) The specific lycopene production, growth ability, and lycopene level of D414S, D414SS,
D414SG, and DH416.
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Table 2

Relative level of lycopene expression pathway, 16S as control.
Strains D412SG D422SG D432SG D442SG
Relative gene transcription level 1.727 1.903 1.647 1.741

This phenomenon of lycopene production through optimum positioning inte-
gration and its further effect on transcriptional and protein level should be
explored in the future work.

Moreover, DH416 had displayed specific lycopene production and
lycopene level of about 36.92 mg/g DCW and 99.03 mg/L, respectively
(Fig. 4A and B), with the mean productivity of 6.60 mg/L/h at 15 h.
Next, the addition time of inducer ir-arabinose was optimized.
Although the lycopene production of D442SG strain at 12 h (30.80 mg/g
DCW) was 11.5% lesser than the self-inducible condition (Fig. 5A), the
lycopene level at 12 h was 3.5-fold higher than self-induction condition
due to its better growth ability (Fig. 5B). The most suitable addition time
of 1-arabinose in DH416 strain was at 12 h with the lycopene level of
393.24 mg/L (see Fig. S1, Supporting Information), which was 4.2-fold
higher than the self-inducible system (Figs. 5C) and 1.5-fold more than
the D442SG strain under the same culture condition (Fig. 5A,C). As
shown in Fig. 5D, the induction time had a significant impact on growth
ability. The exponential stage was from 3 h to 15 h. After delaying the
induction time points from 6 h to 9 h, the growth ability was enhanced

-

—k— D416
—CO—DIK L1

404 105+
—h—DH416 B
35 —O—DH411

90 -

304

25

Lycopene level (mg/L)

*

Specific lvcopene production (mg/g DCW)
W
1

o p—O——0—=0

Synthetic and Systems Biotechnology 6 (2021) 85-94

dramatically from 12.10 (ODggonm) to 25.42 (ODggonm)- This means that
the growth is mostly sensitive to induction at the exponential stage. The
best addition time of r-arabinose of both DH416 and D442SG was at 12
h. The selection of this same best induction time is mainly due to
exploitation of same chassis parental strain and similar heterologous
pathways.

For further verification of lycopene level, DH416 strain was needed
to be cultured in a 5 L fermenter. The lycopene level of 1.22 g/L (49.9
mg/g DCW) was successfully achieved after 20 h culture with mean
productivity of 61.0 mg/L/h (Fig. 6 and see Fig. S1, Supporting Infor-
mation). The lycopene level of DH416 was 2.3-fold higher than reported
in Shen et al.‘s integrated strain [48], and it was 84.7% of Zhu et al.‘s
findings (1.44 g/L) in a 2.5 L fermenter, and an approximately same
percentage for some previous noted work, which results was about
(1.23 g/L) in a 100 L fermenter [46]. However, the mean productivity of
lycopene was about 2.0-fold and 10.0-fold higher than Zhu et al.‘s and
Shen et al.‘s experimental outcomes [46,48]. This result supports the
aim of our work to increase the lycopene production through suitable
strain engineering. In the present work, the experimental strain has
displayed vast potential in form of higher lycopene yield and optimum
growth. Thus, these features seem ideal to proceed the tested strain for
commercial production.

Previous report utilized the pSC101 ori plasmid carrying the MVA
lower pathway and regulate through different promoters [48]. Later, an
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Fig. 4. Comparison of the growth ability, lycopene level, and specific lycopene production between DH416 and DH411 strains. The fermentation was carried out in

5 mL FMGAT medium at 220 rpm at 30 °C in test tubes.
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Fig. 6. The time course of lycopene production of DH416 strain in 5 L fermenter. Lycopene level (4),specific lycopene production (a), growth ability (@), and
glucose concentration (). Induction of 1-arabinose was carried out at 7.5 h and 12 h respectively.

effective effort has been applied to integrate the best combination at
genomic level in the desire host. Nevertheless, the change in copy
number of MVA lower pathway may cause the diversity of gene dosage
which cause imbalancing of heterogeneous pathways. To confirm the
best copy number of heterogeneous pathways, the model of expression
pathway employed in this work is single copy plasmid pCC1FOS, so that
the copy number of pathways didn’t change. In addition, multiple po-
sition were selected which regulated the transcriptional level of inte-
grated pathways [50]. This regulation can be achieved by high copy
number of heterogeneous pathway which in certain case depending
upon the utilization of chemically induced chromosomal evolution
(CIChE) [47,57]. The best example to simplify the concept of chemically
induced chromosomal evolution (CIChE) is by emergence of
multidrug-resistant ~ phenomenon  through residual multiple
antibiotic-resistant genes [48]. Whereas, the strains constructed in this
study have not faced this kind of problem. Thus, the newly developed
method shall be considered efficient while producing natural products
which are the vital metabolites of multiple heterogenous expression
pathways through chromosomal integrated strains.

3.4. Qualitative analysis of lycopene synthetic stability between strains
DH416 and D442SG

The consecutive cultures of recombinant engineer DH416 strain
were carried out precisely. (see Fig. S2, Supporting Information). Strain
DH416 could steadily synthetize lycopene after Generation 21st (Gen
21st) (Fig. 7A). The D442SG was chosen as control group as it contained
a single copy plasmid pCC1SG plus the copy number of its heterologous
expression pathway was same with DH416, and its lycopene production
and growth ability was quite similar to DH416 strain. The D442SG strain
could steadily synthetize lycopene after Gen 21st where Cm (chloram-
phenicol) was added during the successive generation (Fig. 7A). How-
ever, lycopene production dropped suddenly to 3.3% after Gen 21st
without addition of Cm (Fig. 7A). Therefore, it is speculated that the loss
of lycopene productivity was majorly due to segregational instability. As
shown in Fig. 7B, two distinct colonies having different color types:
orange ones and light yellow ones, were generated. The orange colonies
preserved lycopene synthetic ability with Cm resistance while the light
yellow ones had extremely low lycopene yield with Cm sensitive. Hence,
it indicated that the light yellow colonies were mutated into DH442.
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“non” means cultured without antibiotics. (B) The colonies of the Generation
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Although the orange colonies were around 30%, the growth ability of
DH442 strain was about 3-fold higher as compared to D442SG strain and
the latter strain was resulting into lower yield at Gen 21st (cultured
without Cm).

Comparing with the colonies of D442SG of Gen 21st (cultured
without Cm), the DH442 and D442SG strains were plated on LB agar
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plates, relatively. The colonies of D442SG were orange, which were
similar to the orange colonies of Gen 21st of D442SG strain (culture with
Cm), whereas DH442 colonies were light yellow which was similar with
the light yellow colonies of Gen 21st of D442SG strain (cultured without
Cm) (Fig. 7B).

For plasmids system, antibiotics were necessary to maintain their
existence in most of the cases. Tyo et al. found that plasmid-based pol-
yhydroxybutyrate (PHB) productivity drops to zero in five doublings
without antibiotics [47]. For existence of antibiotics, 70% of the cells
lost PHB productivity after 40 generations with maintenance of selection
marker due to allele segregation [47]. In our study, different from the
multi-copy plasmids (pBR and p15A) used in Tyo et al.‘s study, the target
plasmid was single copy plasmid pCC1SG, and the result showed that
about 67.6 + 5.4% colonies of D442SG strain lost its plasmid after Gen
21st. Although, the lycopene yield of D442SG strain didn’t decline
significantly after Gen 21st of LB medium containing Cm (Fig. 7A), while
the several colonies turned into light yellow color (see Fig. S3, Sup-
porting Information). It is assumed that allele segregation of plasmid
pCC1SG occurred which would be investigated in future work. On
contrary to this, the color of all the DH416 colonies didn’t change. Ten
days of consecutive culture time was allowed in this study which
considered as being longer than a fermentation period in industry,
indicating that the strain DH416 could steadily synthesize lycopene.

4. Conclusions

To construct an integrated lycopene production strain, the conducted
study described a rational model including optimization of copy number
and selection of better integrated position of heterogeneous expression
pathways. Moreover, the ninth sub-model of integrated strain, consist-
ing upon one copy of MVA upper pathway, two copies of MVA lower
pathway, and three copies of lycopene expression pathway was com-
prehended as the best performer in terms of lycopene productivity. The
integrated strain DH416 has the lycopene level of 1.22 g/L (49.9 mg/g
DCW) with mean productivity of 61.0 mg/L/h in a 5 L fermenter. In
addition, it showed a better intrinsic stability than the strain carrying
plasmid systems.
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