
1 3

J Ind Microbiol Biotechnol
DOI 10.1007/s10295-016-1745-7

SHORT COMMUNICATION

Metabolic engineering of Rhodopseudomonas palustris 
for squalene production

Wen Xu1 · Changbin Chai1 · Lingqiao Shao1 · Jia Yao1 · Yang Wang1   

Received: 9 November 2015 / Accepted: 3 February 2016 
© Society for Industrial Microbiology and Biotechnology 2016

effective through the everyday diet or after intravenous injec-
tion, which appears to be critical in reducing incidence of 
coronary heart disease and cancers [5, 6]. Microorganisms 
have been studied to explore the potential for squalene pro-
duction because of their advantages of renew ability and low 
cost. For instance, Saccharomyces cerevisiae (1.6, 10 and 
18.5  mg/g DCW), Aurantiochytrium sp (0.72  mg/g DCW), 
Aurantiochytrium mangrovei (0.53–0.57 mg/g DCW), Schiz-
ochytrium mangrovei (1.17  mg/g DCW), Pseudozyma sp 
(70  mg/g DCW), Thraustochytrid (1.5  mg/g DCW) and 
cyanobacterium Synechocystis (0.67 mg/OD750/l) have been 
well-investigated for producing squalene [7–16]. However, 
the levels of squalene in these microorganisms are still not 
high enough, compared to those in the Amaranthus seed 
oil (80 mg/g) and olive oil (30 %, w/w) [17, 18]. Therefore, 
novel microorganisms and strategies should be explored for 
higher microbial production of squalene.

Rhodopseudomonas palustris (R. palustris) is a typi-
cal purple non-sulfur bacteria (PNSB) which can obtain 
energy for growth from natural light anaerobically, whose 
fermentation processes have been well researched over the 
years [19–21]. R. palustris TIE-1 is a strain whose genome 
sequence is known, which is suitable for being developed 
through genetic engineering to be the squalene producer 
[22]. Previous studies have demonstrated that the disrup-
tion or deletion of the genes involved in the conversion 
of squalene to ergosterol or hopanoids improved squalene 
production significantly [16, 23]. Given that R. palustris 
TIE-1 contains more than 30  mg/g DCW of hopanoids 
under photoheterotrophic condition [24], we hypothesized 
that the blocking of hopanoids pathway through shc gene 
deletion could make an increase in squalene content.

For enhancing the yields of target products, one of 
the common strategies is elevating the expression lev-
els of rate-limiting enzymes to enhance the pathway flux. 

Abstract  Squalene is a strong antioxidant used exten-
sively in the food, cosmetic and medicine industries. 
Rhodopseudomonas palustris TIE-1 was used as the host 
because of its ability to grow photosynthetically using solar 
energy and carbon dioxide from atmosphere. The dele-
tion of the shc gene resulted in a squalene production of 
3.8 mg/g DCW, which was 27-times higher than that in the 
wild type strain. For constructing a substrate channel to 
elevate the conversion efficiency, we tried to fuse crtE gene 
with hpnD gene. By fusing the two genes, squalene con-
tent was increased to 12.6 mg/g DCW, which was 27.4 % 
higher than that resulted from the co-expression method. 
At last, the titer of squalene reached 15.8  mg/g DCW by 
co-expressing the dxs gene, corresponding to 112-fold 
increase relative to that for wild-type strain. This study 
provided novel strategies for improving squalene yield and 
demonstrated the potential of producing squalene by Rho-
dopseudomonas palustris.
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Introduction

Squalene is an basic intermediate in the biosynthesis of ster-
ols, hopanoids and triterpenes [1]. This terpenoid hydrocar-
bon can effectively inhibit chemically induced colon, lung and 
skin tumorigenesis in rodents [2–4]. Squalene intake becomes 
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For instance, the over-expression of DXS directed more 
precursors into the MEP pathway (2-C-methyl-d-eryth-
ritol 4-phosphate pathway) and increased the contents 
of downstream products [25]. However, sometimes, the 
branched pathways could compete with the target pathway 
for the intermediates. For instance, the squalene pathway 
shares farnesyl diphosphate (FPP) with the pathways of 
ubiquinone, carotenoids and polyterpenoids in R. palus-
tris (Fig.  1). An alternative strategy proposed recently is 
expressing the fused rate-limiting enzymes to construct a 
substrate channel and prevent the intermediates from dif-
fusing, thus increasing the utility of the intermediate [26, 
27]. As shown in Fig. 1, the biosynthesis of squalene from 
FPP is catalyzed by three enzymes (HpnD, HpnC and 
HpnE) [28]. The fusion expression of FPP synthase (CrtE) 
and HpnD was expected to enhance the conversion effi-
ciency, thus improving the content of squalene.

In this study, multiple strategies were employed for 
improving the squalene production, including blocking of 
hopanoids pathway, fused expression of crtE and hpnD 
genes and over-expression of dxs gene.

Materials and methods

General materials and methods

General molecular manipulations were performed accord-
ing to standard protocols [29]. PCRs were performed using 
PrimeSTAR HS DNA polymerase (TaKaRa, Dalian City, 
China). Squalene standard was purchased from Sigma 
(Shanghai, China). Electroporator (Eppendorf, Humburg, 
Germany) was utilized for transforming the constructed 
plasmids into the R. palustris strains (12.5 kv/cm, 200 Ω, 
25  μF). High-performance liquid chromatography sys-
tem (Hitachi, Tokyo, Japan) was used for the analysis of 
squalene.

Strains, plasmids and culture conditions

R. palustris TIE-1 was adopted for genetic engineering. 
The E. coli strain DH5α was utilized for the propagation 

of the plasmids and E. coli S17-1 was used for gene dele-
tion [30]. The plasmid pMG103 with lacZ promoter was 
used for the over-expression of genes while the plasmids of 
pRK2013 and pk18mobsacB were employed for gene dele-
tion [31, 32].

The bacteria seed cultivation was performed at 30  °C 
in YP medium (0.3  % peptone, 0.3  % yeast extract pH 
6.5) for 48  h under aerobic condition. The engineered R. 
palustris strains for squalene overproduction were cul-
tured at 30 °C in a designed medium (0.2 % sodium suc-
cinate, 1  % glucose, 0.3  % peptone, 0.3  % yeast extract, 
0.2  % KH2PO4, 0.2  % K2HPO4, 0.2  % MgSO4·7H2O, 
0.5 ‰ FeSO4·7H2O, 0.5 % mineral solution, pH 6.5) under 
anaerobic condition. The mineral solution contained (per l): 
1 g of NaMoO4·2H2O, 2 g of CuSO4·5H2O, 1 g of ZnSO4, 
1  g of H3BO3, 1  g of MnCl2. Anaerobic cultivation was 
achieved via static culture in the presence of nitrogen with 
white fluorescent light (3200  lx). For chemoheterotrophic 
cultivation, the R. palustris strains were cultured at 30 °C 
in 250-ml shake flasks supplemented with 50-ml of the 
designed medium on a rotary shaker at 200 rpm. 350 mg/l 
kanamycin was added to the culture media to retain the 
constructed plasmids with corresponding antibiotic selec-
tion markers. All the cell cultures were grown for 120 h to 
be in the stationary phase, before the cells were collected 
for squalene analysis.

Deletion of chromosomal shc gene in R. palustris TIE‑1

A 0.5-kb of shc upstream region amplified by primers 
Δshc-L1 and Δshc-L2 was inserted into the suicide vector 
pk18mobsacB between EcoRI and KpnI to make pKSD1. 
Similarly, a 0.5-kb of of shc downstream region amplified 
by primers shc-R1 and Δshc-R2 was inserted into pKSD-
1between KpnI and XbaI, generating the deletion plasmid 
pKSD2. Subsequently, E. coli S17-1 harboring pKSD2, 
E. coli HB101 harboring pRK2013 and R. palustris TIE-1 
were co-cultured on the YP agar for 3  days, in order to 
transferred pKSD2 into R. palustris TIE-1 and integrated 
it onto the chromosome through homologous recombi-
nation [30]. Selection of single recombinants on plates 
containing 350  mg/l kanamycin, followed by selection 

Fig. 1   Squalene synthesis and branched pathways. Relevant abbre-
viations: G3P D-glyceraldehyde-3-phosphate, PYR pyruvate, DXS 
1-deoxy-xylulose-5-phosphate synthase, DXP 1-deoxy-xylulose-
5-phosphate, IPP isopentenyl diphosphate, DMAPP dimethylallyl 

diphosphate, CrtE geranylgeranyl pyrophosphate synthase, GPP 
geranyl diphosphate, FPP farnesyl diphosphate, PSPP presqualene 
diphosphate, HSQ (R)-12-hydroxysqualene, Shc squalene hopene 
cyclase
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of double recombinants on sucrose (10  %) plates, were 
conducted as previously described [32]. The shc deleted 
strain was verified by PCR with primers check-1 and 
check-2, resulting in a 0.8  kb PCR product. All primer 
sequences used for the construction of the mutant are 
listed in Table 1.

Construction of plasmids

For the expression of crtE (Gene ID: 6409364), the gene 
was inserted into the vector pMG103 between EcoRI 
and XbaI to generate pMG-SE, using the primers scrtE-L 
and scrtE-R for amplification. Similarly, hpnD (Gene ID: 
6411947) amplified with the primers shpnD-L and shpnD-
R was inserted into pMG103, generating pMG-SD. For 
constructing the co-expression plasmid, hpnD gene was 
amplified using the primers chpnD-L containing a ribo-
some bind site (RBS) and chpnD-R, followed by ligation 
into pMG-SE between XbaI and HindIII to generate pMG-
CED. For constructing the fused expression plasmid, firstly, 
crtE was amplified using the primers scrtE-L and fcrtE-R 
while hpnD was amplified with shpnD-R and fhpnD-L con-
taining the peptide linker (GGGGS)3 encoding sequence. 
Secondly, the two genes were fused by fusion PCR using 
the primers scrtE-L and shpnD-R, followed by ligation into 
pMG103 between EcoRI and XbaI to generate pMG-FED. 
In order to co-express dxs (Gene ID: 6408677), the primers 
dxs-R and dxs-L containing a RBS were utilized for ampli-
fication, before inserted the gene into pMG-FED between 
XbaI and HindIII for generating pMG-FEDS. The plasmids 
constructed here were sequenced to ensure their accuracy. 

The primer sequences are listed in Table  1 and the struc-
tures of the plasmids are shown in Fig. 2.

Determination of dry cell weight and squalene

Cell growth was measured using a spectrophotometer at 
600  nm and converted to dry cell weight (DCW) upon a 
prepared standard curve of DCW versus OD600 ≤Vol. For 
squalene analysis, cells cultured for 120 h were harvested 
by centrifugation and freeze-dried. The extractions of total 
lipids in cells were carried out according to the procedure 
described previously [33]. Then, squalene was analyzed by 
HPLC based on the procedure reported previously [34].

Table 1   Primers and plasmids 
used in this study

Bold: restrict enzyme sites, Italic: ribosome binding sites, Underlined: (GGGGS)3 linker

Primer Sequence (5′-3′)

Δshc-L1 GGAATTCTGTGAGGGCGGCGCGGACGTGA

Δshc-L2 GGGGTACCCGGGCATTCGAAGGCGTCGACG

Δshc-R1 GGGGTACCGCCCGATGAGGCCACGCTCGAT

Δshc-R2 GCTCTAGATTCGACATCACACGATCGCGTA

check-1 TCGAACAGATGGTCGCGCAGTC

check-2 TGCCGTTGTCGATGACAAGCC

scrtE-L GGAATTCGTGAATGGACGTGACCAATCGGATC

scrtE-R GCTCTAGATCAGGCCGCAGTCGCGGCCAG

shpnD-L GGAATTCGTGAATGACCGTTCACGCCACGCCA

shpnD-R GCTCTAGATCACACGATCGCGTATTGCAG

chpnD-L GCTCTAGAAGGAAACAGCTATGACCGTTCACGCCACGCCA

chpnD-R CCCAAGCTTTCACACGATCGCGTATTGCAG

fcrtE-R TCAGGCCGCAGTCGCGGCCAG

fhpnD-L CTGGCCGCGACTGCGGCCTGAGGCGGAGGCGGGAGTGGAGGTGGAGG
CAGCGGTGGGGGCGGAAGTATGACCGTTCACGCCACGCCA

dxs-L GCTCTAGAAGGAAGTGACCGAATTTAGTAAAACAC

dxs-R CCCAAGCTTTCAGGCCAGCTTCGAGGTCT

Fig. 2   Structures of the recombinant plasmids constructed in this 
study. RBS Ribosome binding site, (GGGGS)3 peptide linker of 
GGGGSGGGGSGGGGS, G glycine, S Serine
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Results and discussion

Effects of shc deletion on cell growth and squalene 
content

In previous study, it was demonstrated that the mutant R. 
palustris deficient in shc gene was unable to produce any 
hopanoids, with an increase in squalene content [24]. How-
ever, the level of squalene was ill-defined. In this study, 
shc was deleted to study the effects of blocking the hopa-
noids pathway on squalene content. After confirming the 
deletion of shc by PCR and sequencing, the effects of shc 
deletion on cell growth and squalene content were stud-
ied. Considering that there was a significant difference in 
doubling time between the WT and Δshc strains [24], the 
cell cultures were grown for 120 h to make sure both of the 
two strains were in stationary phase. As shown in Fig. 3a, 
there were no differences in biomass between the wild-type 
strain and R. palustris (Ωshc) cultured under chemohet-
erotrophic and photoheterotrophic conditions. Moreover, 
based on the deletion of shc, 22-fold and 28-fold increases 
in squalene content were realized with the chemohetero-
trophic and photoheterotrophic culture conditions respec-
tively (Fig. 3b).

Results of Welander et al. and our study suggested that 
the accumulation of squalene was improved by reducing 
the consumption of squalene for hopanoids synthesis. For 
example, it has been reported that an over 70-fold increase 
in squalene content was realized by the interruption of shc 
gene in Synechocystis sp. PCC 6803, which was higher 
than that in this study [16]. A possible explanation might be 
that the Synechocystis sp. PCC 6803 contains more hopa-
noids or less original squalene than those in R. palustris 
TIE-1, leading to a more significant increase by contrasting 
the levels of squalene before and after blocking the hopa-
noids pathway. However, the biomass (less than 0.5 g/l) and 
squalene content (about 3.15  mg/g  DCW) of the mutant 
Synechocystis sp. PCC 6803 were less than those for R. 
palustris (Ωshc) obtained in this study. Anyhow, block-
ing the biosynthesis pathway of hopanoids was an efficient 
strategy for improving the squalene content.

Squalene production improvement by the co‑expression 
of crtE and hpnD

Farnesyl diphosphate (FPP) is the precursor of squalene 
biosynthetic pathway [35]. For pulling more upstream 
intermediates towards the synthesis of FPP, crtE gene was 
over-expressed to elevate the level of farnesyl diphos-
phate synthase. The result showed that a 2.1-fold increase 
in squalene content was realized (Fig.  4). This indicated 
that the accumulation of squalene could benefit from the 

enhancement of FPP pool. Moreover, it was found that the 
over-expression of hpnD enhanced the titer of squalene by 
83  % (Fig.  4), indicating that more FPP had been pulled 
into the squalene pathway.

Fig. 3   Effects of shc deletion on the biomass and squalene content 
under different culture conditions. WT wild-type strain, Δshc shc 
deleted strain, DCW dry cell weight. The results represent the mean 
value ± SD of duplicate samples in three independent experiments

Fig. 4   Squalene production upon expression of genes. Δshc shc 
deleted strain, Δshc+pMG-SE R. palustris (Δshc)/pMG-SE, 
Δshc+pMG-SD R. palustris (Δshc)/pMG-SD, Δshc+pMG-CED R. 
palustris (Δshc)/pMG-CED, DCW dry cell weight. The results repre-
sent the mean value ± SD of duplicate samples in three independent 
experiments
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To study the effects of the union between the over-
expressions of the two genes on squalene production, crtE 
and hpnD were co-expressed. The two genes each had their 
own ribosome binding site in the upstream region (Fig. 2). 
Upon the co-expression, the titer of squalene was increased 
to 9.9 mg/g DCW, which was 1.6 times higher than that in 
the shc deleted strain. Results demonstrated that the co-
expression of the two genes directed more FPP into the 
squalene pathway by forming a push–pull model, suggest-
ing a synergistic effect on squalene content.

Elevated conversion efficiency by fusion expression 
of proteins improved squalene production

In R. palustris, FPP is the common intermediate at the 
branch point of several pathways (Fig.  1). Thus, the 
squalene pathway shares FPP pool with other pathways 
for their biosynthesis. Although the expression of hpnD 
increased the competitiveness of squalene pathway, FPP 
could still be used by other pathways. With the purpose of 
constructing a substrate channel to eliminate the diffusion 
of intermediates and elevate the conversion efficiency, we 
fused CrtE and HpnD by a (GGGGS)3 linker, which was 
reported to help the functional folding of the fused protein 
[27, 36]. The construct was transformed into R. palustris 
(Ωshc), resulting in the recombinant strain R. palustris 
(Ωshc)/pMG-FED.

Upon expressing the fused protein, the production of 
squalene was significantly improved in R. palustris (Ωshc)/
pMG-FED. The content of squalene reached 12.6  mg/g 
DCW, corresponding to 3.3-fold and 1.27-fold increases 
relative to those for R. palustris (Δshc) and R. palustris 
(Δshc)/pMG-CED (Fig.  5). The results above suggested 
that the fusion expression resulted in higher efficiency of 

the conversion from IPP/DMAPP to PSPP, compared to the 
co-expression method. A possible explanation might be that 
the synthesized FPP was utilized preferentially by HpnD 
adjacent to CrtE, before it was diffused into the cell to be 
used by the branched pathways. In conclusion, expressing 
the fused protein was an efficient strategy to improve the 
squalene production.

Enhancing the expression level of rate‑limiting enzyme 
of MEP pathway improved squalene content

Despite the successful elevation of the conversion effi-
ciency by expression of the fused protein, the restricted IPP 
pool could limit the downstream metabolic flux to PSPP. 
DXP synthase encoded by dxs is the first rate-limiting 
enzyme of MEP pathway, which has been shown to play an 
important regulatory role in the MEP pathway for the syn-
thesis of IPP/DMAPP [37]. With the purpose of expanding 
the IPP pool, the recombinant plasmid pMG-FEDS was 
constructed with an independent RBS for dxs expression 
(Fig.  2). Based on the expression of dxs, the content of 
squalene was increased to 15.8 mg/g DCW in R. palustris 
(Ωshc)/pMG-FEDS, which was 25.4 % higher than that in 
R. palustris (Ωshc)/pMG-FED. The results suggested that 
the expression of dxs enhanced the metabolic flux of MEP 
pathway, and thus accelerated the accumulation of IPP. 
Then the substrate channel constructed by fusion expres-
sion could benefit from the expanded IPP pool for squalene 
production.

Squalene is a useful compound with wide application in 
medicine chemistry, and as food additives. For large scale 
generation of squalene, purple non-sulfur bacteria includ-
ing R. palustris would be preferable to be used as the hosts 
because of their ability to grow photosynthetically using 
solar energy and carbon dioxide from atmosphere for gen-
erating the desired product. R. palustris TIE-1 is one of 
the purple non-sulfur bacteria whose genome sequence is 
known, which is suitable for developing through genetic 
engineering.

In this study, a 28-fold increase in squalene content was 
realized by blocking the hopanoids pathway, without any 
growth impairment in the recombinant strain. Moreover, a 
substrate channel was constructed by fusion expression of 
CrtE and HpnD to elevate the conversion efficiency, result-
ing in a significant increase in squalene content. Impor-
tantly, it was demonstrated that the fusion expression of 
proteins was better than the co-expression method for 
squalene production. Finally, the metabolic flux of MEP 
pathway was enhanced by dxs expression, benefiting the 
synthesis of squalene. Based on the combination of the 
strategies above, the squalene content in the recombinant 
strain reached 15.8 mg/g DCW, corresponding to 112-fold 
increase relative to that for wild-type strain. In future, more 

Fig. 5   Effects of fusion expression and dxs expression on squalene 
production. Δshc+pMG-FED R. palustris (Δshc)/pMG-FED, 
Δshc+pMG-FEDS R. palustris (Δshc)/pMG-FEDS, DCW dry cell 
weight. The results represent the mean value ± of duplicate samples 
in three independent experiments
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strategies such as branched pathways blocking and fed-
batch fermentation will be employed for further enhance-
ment of squalene production in R. palustris. The results 
represented here will enhance our ability to design the 
system with metabolic engineering techniques for higher 
squalene production.
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