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Abstract
The goal of this work was to improve the lycopene storage capacity of the E. coli membrane by engineering both morpho-
logical and biosynthetic aspects. First, Almgs, a protein from Acholeplasma laidlawii that is involved in membrane bending 
is overexpressed to expand the storage space for lycopene, which resulted in a 12% increase of specific lycopene produc-
tion. Second, several genes related to the membrane-synthesis pathway in E. coli, including plsb, plsc, and dgka, were also 
overexpressed, which led to a further 13% increase. In addition, membrane separation and component analysis confirmed 
that the increased amount of lycopene was mainly accumulated within the cell membranes. Finally, by integrating both 
aforementioned modification strategies, a synergistic effect could be observed which caused a 1.32-fold increase of specific 
lycopene production, from the 27.5 mg/g of the parent to 36.4 mg/g DCW in the engineered strain. This work demonstrates 
that membrane engineering is a feasible strategy for increasing the production and accumulation of lycopene in E. coli.
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Introduction

Lycopene is one of the major precursors of downstream 
carotenoids produced by many plants and microorganisms. 
It is of great economic interest due to its attractive anti-
oxidative, anti-cancer, and anti-inflammatory activities, and 
has been widely used in the pharmaceutical, nutraceutical, 
cosmetics, and food industries (Nagao and Yoshikawa 2009).

Lycopene has been produced by extraction (Clinton 
1998), chemical synthesis (Michael and Bausch 2003), and 
fermentation (Mantzouridou and Tsimidou 2008). Because 
the lycopene content of tomatoes is low (approx. 0.02 g/
kg) and because of the presence of many other carotenoids 
(Clinton 1998), the extraction method is relatively expen-
sive. Engineering microorganisms to produce lycopene to 
meet the increasing demand has consequently attracted much 
attention, with a particular focus on Escherichia coli (Aji-
kumar et al. 2008; Bhataya et al. 2009).This is not only due 
to the potential benefits of lycopene for human health as 
an antioxidant (Rao and Agarwal 2000), but more impor-
tantly because lycopene has been extensively investigated 
as a model target for metabolic engineering (Farmer and 
Liao 2000; Wang et al. 2009; Alper et al. 2005). Up to now, 
several strategies have been employed to improve lyco-
pene production in E. coli: first, overexpressing the native 
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2-C-methyl-D-erythritol-4-phosphate (MEP) pathway (Choi 
et al. 2010; Jin and Stephanopoulos 2007) or introducing 
a heterologous mevalonate (MVA) pathway into E. coli to 
increase the supply of isoprenoid synthesis precursors iso-
pentenyl pyrophosphate (IPP) and dimethylallyl pyrophos-
phate (DMAPP) (Yoon et al. 2007; Martin et al. 2003); sec-
ond, identification of gene knockouts or amplification targets 
for improving lycopene production through systematic and 
combinatorial methods (Kang et al. 2005; Jin and Stepha-
nopoulos 2007; Choi et al. 2010; Alper et al. 2005); third, 
the optimization of fermentation processes, for example, by 
adding auxiliary carbon sources (Kim et al. 2011) as well as 
maintaining high O2 levels and appropriate pH values was 
used to improve lycopene production (Yoon et al. 2006). In 
addition, optimization of the NADPH and ATP levels is an 
effective approach for enhancing lycopene production (Tao 
et al. 2014).

Hydrophobic terpene products are considered to accumu-
late in the membrane compartment of E. coli (Ahrazem et al. 
2016). In the previous work (Wu et al. 2017), we engineered 
the membrane by overexpressing membrane-bending pro-
teins, which increased the β-carotene specific production. 
Lycopene is a representative hydrophobic molecule with a 
long straight chain composed entirely of carbon and hydro-
gen atoms. In fact, the molecular structure of lycopene is 
quite similar to alkanes, oils and fats, but different from that 
of β-carotene, which contains hydrocarbon rings.

In this work, we aimed to apply the membrane engineer-
ing strategy to a lycopene hyper-producing strain of E. coli 
by introducing membrane-bending proteins and enhancing 
the membrane-synthesis pathway, to study how this strategy 
would affect the production and accumulation of lycopene 
(Fig. 1).

Materials and methods

Strains, medium, and culture conditions

All bacterial strains used for DNA manipulation and 
lycopene production in this study are listed in Table 1. 
The lycopene-producing strain LYC101 was used as the 
parent strain for the membrane engineering practice. 
For strain construction, cultures were grown aerobi-
cally at 30 or 37 °C in Luria broth (per liter: 10 g tryp-
tone, 5 g yeast extract, and 10 g NaCl). For lycopene 
production, single colonies were picked from LB plates 
and transferred into 15 mm × 100 mm tubes containing 
4 mL of LB with or without 34 mg/L of chlorampheni-
col, and cultured at 37 °C and 250 rpm overnight. The 
resulting seed cultures were used to inoculate 100 mL 
flasks containing 10 mL of fermentation medium to an 
initial OD600 of 0.05, and grown at 37 °C and 250 rpm. 

For strains bearing the Ptrc promoter, 1 mM IPTG was 
added 3 h after inoculation, which was followed by 93 h 
of growth. The fermentation medium contained (per liter): 
15 g glycerol, 1.7 g citric acid, 10.5 g KH2PO4·3H2O, 6 g 
(NH4)2HPO4, 3.44 g MgSO4·7H2O, and 10 mL trace metal 
solution. The trace metal solution contained (per liter): 10 
gFeSO4·7H2O, 5.25 g ZnSO4·7H2O, 3.0 g CuSO4·5H2O, 
0.5 g MnSO4·4H2O, 0.23 g Na2B4O7·10H2O, 2.0 g CaC12, 
and 0.1 g (NH4)6Mo7O24. After 48 h of growth, cells were 
collected for measurement of lycopene production and 
after which 1.5% (w/v) glycerol was added into the culture 
medium for another 48 h continued fermentation. After 
96 h of fermentation, the cells were collected for the meas-
urement of lycopene production.

Plasmids construction

All plasmids used in this study are listed in Table 1. Plas-
mids were assembled using the Golden Gate method (Hill-
son et al. 2012). We applied several plasmids used in article 
(Wu et al. 2017) in this study. All primers were synthesized 
by Genewiz (Beijing, China) and are listed in Supplementary 
Table 1. Gene sequencing was also carried out by Genewiz.

Fig. 1   Membrane engineering strategies for increasing lycopene 
production and accumulation. Membrane morphology and the mem-
brane-synthesis pathway were engineered to improve the production 
and accumulation of lycopene in E. coli 
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Integration of almgs into the E. coli chromosome

The plasmids pM1-37Almgs and pM1-46Almgs were con-
structed to integrate almgs (monoglucosyldiacylglycerol 
synthase from A. laidlawii) into the E. coli chromosome 
under the control of the M1-37 and M1-46 promoter, respec-
tively. Each integration plasmid also contained homologous 
arms for integration and gRNA with an N20 sequence. The 
plasmid pCas9 was co-electroporated with each of the plas-
mids into the lycopene-producing strain LYC101 and the 
resulting strains were processed using the Cas9 genome 
editing protocol as described previously (Zhao et al. 2016), 
yielding the almgs integration strains.

Analysis of lycopene production

The lycopene titers were quantified by measuring the 
absorption at 480 nm of acetone extracts of the cells as 
described previously (Yuan et al. 2006) with some modi-
fications as follows: cells were harvested by centrifugation 
at 16,200×g for 3 min, resuspended in 1 mL of acetone, 
incubated at 55 °C for 15 min in the dark, and centrifuged 
at 16,200×g for 10 min, and the acetone supernatant con-
taining lycopene transferred to a new tube. The lycopene 
content was analyzed using HPLC (Agilent Technolo-
gies Series 1200 system, Agilent, USA) with a variable 
wavelength detector set to 480 nm and a Symmetry C18 
column (250 mm × 4.6 mm, 5 µm, Waters, Ireland). Meth-
anol/acetonitrile/dichloromethane (21:21:8, by vol) was 
used as the mobile phase at 1 mL/min and the column was 
kept at 30 °C (Yoon et al. 2009). The results represent the 
means ± S.D. of three independent experiments. Dry cell 

weight (DCW) was calculated according to the empirical 
formula: 1 OD600 = 0.323 g DCW/L.

Extraction of cell membranes from strains derived 
from LYC101

Cell membranes of the strains derived from LYC101 
were extracted as described previously (Herskovits et al. 
2002; Lu et al. 2014) with some modifications as follows: 
After induction at 37 °C for 48 h, the cells were collected 
and resuspended in buffer (50 mM Tris/HCl pH 7.5 and 
150  mM NaCl). Following cell disruption by passing 
the suspension four times through a French Press (JN-
3000plus, China) at 8000 psi, cell debris was removed by 
centrifugation at 8500g for 40 min. The supernatant was 
collected and centrifuged at 210,000×g for 1 h using a 
Beckman Optima L-100XP ultracentrifuge equipped with 
a Beckman-Coulter 41Ti rotor (Beckman-Coulter, Ger-
many). The membrane fraction was collected at the bottom 
of the centrifuge tube as a pellet and stored at − 80 °C for 
further analysis.

Analysis of lycopene content in the cell membranes

The harvested cell membranes were resuspended in 10 mL 
of acetone, incubated at 55 °C for 15 min in the dark, and 
centrifuged at 16,200×g for 10 min. The acetone supernatant 
fraction containing lycopene was collected and quantified as 
described above. The lycopene content in the cell debris was 
analyzed using the same method.

Table 1   Strains and plasmids 
used in this work

Strains and plasmids Relative characteristics Resources

Strains
 CAR005 ATCC 8739, M1-37::dxs, M1-46::idi

M1-93::Crt, M1-46::SucAB, M1-46::sdh, M1-46::talB
Lab collection

 CAR015 CAR005, ispG-mRSL-4, ispH-mRSL-14 Lab collection
 CAR025 CAR015, replacing the promoter of crtEYIB with Ptrc promoter Lab collection
 LYC101 CAR025, △crtY Lab collection
 LYC101-37Almgs
 LYC101-46Almgs

LYC101, M1-37::Almgs
LYC101, M1-46::Almgs

This work
This work

Plasmids
 pACYC184-M cat; replace tet with lacI and Ptrc of pTrc99A-M Lab collection
 pCas9 Cas9 (Zhao et al. 2016)
 pAlmgs pACYC184-M with Ptrc controlled almgs This work
 pMtlA pACYC184-M with Ptrc controlled mtla This work
 pTsr pACYC184-M with Ptrc controlled tsr This work
 pPlsb pACYC184-M with Ptrc controlled plsb This work
 pPlsb-plsc pACYC184-M with Ptrc controlled plsb and plsc This work
 pPlsb-plsc-dgka pACYC184-M with Ptrc controlled plsb, plsc, and dgka This work
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Results and discussion

Engineering membrane morphology to improve 
lycopene production

To study the relationship between membrane surface area 
and lycopene production in E. coli, proteins reported to 
induce the formation of membrane stacks or vesicles were 
overexpressed in the previously engineered lycopene-pro-
ducing strain LYC101 (Table 1). The membrane-bending 
proteins used in this study include the mannitol permease 
MtlA (van Weeghel et al. 1990) and the chemotaxis receptor 
Tsr (Herskovits et al. 2002), as well as Almgs and its two 
functionally-defective mutants, E300A and E308A (Eriks-
son et al. 2009). The medium-copy plasmid pACYC184-M 
was used to express these genes under the control of the Ptrc 
promoter. Among the membrane-bending proteins, Almgs 
had the highest impact (Fig. 2). The strain LYC101(pAlmgs) 
produced 327.2 mg/L lycopene with a specific production 
of 30.8 mg/g DCW after 96 h of growth, which was 20.7% 
and 12% higher than the corresponding values of the parent 
strain, respectively (Fig. 2, Supplementary Fig. 1).

Thus, expression of proteins with a membrane-bending 
function actually improved lycopene production in E. coli, 
suggesting that membrane engineering is broadly applica-
ble for increasing the production of hydrophobic terpenes, 
and even other products with similar storage mechanisms. 
Among all the tested proteins, Eriksson et  al. (2009) 
observed the most extensive formation of intracellular 
vesicles with the expression of Almgs. In agreement with 
this, we achieved the highest lycopene production with the 
same protein after 96 h of growth (Fig. 2, Supplementary 

Fig. 1). Furthermore, with the supplementation of glycerol 
after 48 h of culture, all strains grew further, whereby 
the strain LYC101(pAlmgs) maintained a higher specific 
production of lycopene, which suggested that the Almgs 
protein helped the cells produce sufficient intracellular 
membrane vesicles in the lycopene accumulation period, 
and thus provided more space for lycopene accumulation.

Integrating almgs into the chromosome 
and modulating its expression

Since the plasmid-based expression of almgs showed the 
most promising results after 96 h of growth, it was inte-
grated into the chromosome of strain LYC101 to yield two 
strains, each using one of the two different regulatory parts 
M1-46 and M1-37 (Lu et al. 2012). The strengths of these 
regulatory parts were 1.7 and 2.5 times the strength of a 
fully induced E. coli lacZ promoter (Lu et al. 2012). Both 
engineered strains had higher specific lycopene production 
values than the parent strain LYC101 with and without the 
almgs expression plasmid, among which almgs expres-
sion under the control of M1-37 gave the highest specific 
production and titer (29.4 mg/g DCW and 302.5 mg/L, 
respectively) (Fig. 3, Supplementary Fig. 2). The results 
suggested that an intermediate expression level was the 
most appropriate for this specific application.

Fig. 2   Lycopene-specific production of strain LYC101 expressing 
various membrane-bending proteins in 48 and 96  h. The overex-
pressed genes included mtlA, tsr, almgs, almgs-E300A, and almgs-
E308A. Three repeats were performed for each strain, and the error 
bars represent standard deviation

Fig. 3   Lycopene-specific production of engineered E. coli strains 
obtained by integrating almgs into the chromosome of strain LYC101, 
followed by gene expression modulation. The expression of the 
Almgs gene was modulated using two different promoters (M1-37 and 
M1-46). Three repeats were performed for each strain, and the error 
bars represent standard deviation
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Engineering the membrane‑synthesis pathway 
to improve lycopene production

The inner membrane of E. coli is a glycerophospholipid 
bilayer, which contains three major phospholipids: phos-
phatidylethanolamine (PE), phosphatidylglycerol(PG), 
and cardiolipin (CL) (also called diphosphatidyl glycerol) 
(Cronan and Rock 2008). Plsb(glycerol-3-phosphate-
acyltransferase), Plsc (1-acylglycerol-3-phosphate-acyl-
transferase), and Dgka (diacylglycerol kinase) are the key 
enzymes of the diglyceride-3-phosphate synthesis path-
way, the overexpression of which was reported to increase 
the amount of glycerophospholipids in E.coli cells (Janßen 
and Steinbüchel 2014). In this work, we overexpressed 
plsb alone, plsb with plsc, or plsb with both plsc and dgka 
to engineer membrane synthesis to enhance lycopene 
accumulation.

As illustrated in Fig. 4 and Supplementary Fig. 3, the 
specific production and titer of lycopene of the engineered 
strains were, indeed, improved compared with the par-
ent strain. The strain LYC101(pPlsb-plsc) was the best 
performer, with a production of 31.1  mg/g DCW and 
297.5  mg/L lycopene. The simultaneous overexpres-
sion of plsb and plsc enhanced the pathway flux towards 
diglyceride-3-phosphate synthesis, which also increased 
the amount of membrane structures and provided more 
space to store lycopene.

The combined engineering of membrane synthesis 
and membrane morphology further improved 
lycopene production

To combine membrane synthesis and membrane morphol-
ogy engineering strategies in one strain, the plasmid pPlsb-
plsc was introduced into LYC101-37Almgs to study pos-
sible synergistic effects of their combined expression. As 
illustrated in Fig. 5 and Supplementary Fig. 4, the strain 
LYC101-37Almgs(pPlsb-plsc) had a more pronounced 
increase of lycopene production which reached 216.3 mg/L 
lycopene with a specific production of 37.7 mg/g DCW 
at 48 h, and 358.9 mg/L lycopene with 36.4 mg/g DCW 
at 96 h. After 96 h of growth, the titer of all strains was 
increased, but, since more carbon source was used for cell 
growth, it was reasonable that specific production of some 
strains was decreased slightly.

Compared with the original strain LYC101(pACYC184-
M), the lycopene titer and specific production increased 26.7 
and 26% after 48 h of growth, respectively. Furthermore, the 
lycopene titer and specific production increased 27 and 30% 
after 96 h of growth, respectively (Fig. 5 and Supplementary 
Fig. 4). The significant lycopene production improvement 
(P < 0.01) in strain LYC101-37Almgs(pPlsb-plsc) suggested 
a synergistic effect of membrane synthesis and membrane 
morphology engineering. As we have stated in the previous 
paper, at the level of membrane morphology engineering, 
Almgs induced the formation of membrane stacks or tubules 
and increased the membrane surface area, which probably 
increased the demand for membrane building blocks needed 
to fulfill such an increase. Thus, the overexpression of plsb 

Fig. 4   Lycopene-specific production of strains obtained from 
LYC101 by overexpressing membrane-synthesis genes in 48 and 
96 h. Overexpression plasmids included pPlsb, pPlsb-plsc, and pPlsb-
plsc-dgka. Three repeats were performed for each strain, and the error 
bars represent standard deviation

Fig. 5   Lycopene-specific production of strain LYC101 -37Almgs 
overexpressing plsb + plsc. Three repeats were performed for each 
strain, and the error bars represent standard deviation. The sig-
nificance of differences was calculated by one-way ANOVA; aster-
isks indicate a significant difference compared with the control 
(**P < 0.01)
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and plsc enhanced membrane synthesis, accommodated the 
demand for membrane building blocks, and achieved a syn-
ergetic effect on lycopene production.

Lycopene was mainly accumulated within the cell 
membranes

To further determine whether the accumulated lycopene 
was localized within the cell membranes, the membrane 
fraction was extracted as described previously (Herskovits 
et al. 2002; Lu et al. 2014) with some modifications, and 
acetone was used to extract the lycopene from the collected 
membranes for analysis. As shown in Table 2, the lycopene 
titers in the cell debris was low, and the majority of the lyco-
pene content was associated with the cell membrane frac-
tion in all strains. In the original lycopene-producing strains 
LYC101(pACYC184-M), lycopene in the cell membranes 
accounted for 55% of the total lycopene content. By contrast, 
in the engineered strain LYC101-37Almgs(pPlsb-plsc), the 
membrane-associated lycopene fraction increased markedly, 
reaching to 73.2% of the total content. It should be noted 
that the apparent total content of lycopene decreased in the 
process of membrane extraction. For example, LYC101-
37Almgs(pPlsb-plsc) produced 187.6 mg/L lycopene. After 
extraction, the total lycopene from the two portions only 
added up to 103 mg/L, indicating a more than 45% loss. 

Nevertheless, considering the complex cell manipulation 
and lycopene extraction procedure, we considered the loss 
reasonable.

The results proved that lycopene, a representative hydro-
phobic molecule with straight long hydrocarbon chain, was 
also mainly accumulated in the membrane compartment 
of E. coli cell factories, which is probably true for other 
compounds with such characteristics. The experiments also 
demonstrated that engineering the cell membrane increased 
the accumulation of lycopene within it, and led to an over-
all increase of lycopene production, similar to our previous 
work has shown for β-carotene. implying that this strategy 
may, indeed, be broadly applicable.

Conclusion

In this work, the membrane of E. coli was engineered 
in both morphological and biosynthetic aspects, which 
improved its storage capacity for lycopene. Through 
membrane engineering, a lycopene-producing strain was 
obtained which exhibited a 1.32-fold-specific production 
increase over the parent strain (Fig. 6). It appears increas-
ingly likely that microbial cell factories for a wide range 
of hydrophobic products, such as alkanes, oils, fats, and a 

Table 2   Lycopene contents in 
different portions of engineered 
E. coli strains

Strains Cell debris (mg/L) Cell membrane (mg/L) Ratio (lycopene in cell 
membrane/total lycopene 
content)

LYC101(pACYC184-M) 36.33 ± 0.99 45.10 ± 4.79 55.4%
LYC101-37Almgs(pPlsb-plsc) 27.84 ± 1.14 75.89 ± 5.26 73.2%

Fig. 6   Diagram summariz-
ing the increase of lycopene-
specific production obtained 
through membrane engineering
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range of important hydrophobic natural products, can be 
further improved using this novel engineering strategy.
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