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Abstract 

Background: Farnesol is an acyclic sesquiterpene alcohol present in the essential oils of various plants in nature. It 
has been reported to be valuable in medical applications, such as alleviation of allergic asthma, gliosis, and edema as 
well as anti-cancerous and anti-inflammatory effects. Coenzyme  Q10  (CoQ10), an essential cofactor in the aerobic res-
piratory electron transport chain, has attracted growing interest owing to its clinical benefits and important applica-
tions in the pharmaceutical, food, and health industries. In this work, co-production of (E,E)-farnesol (FOH) and  CoQ10 
was achieved by combining 3 different exogenous terpenes or sesquiterpene synthase with the RNA interference of 
psy (responsible for phytoene synthesis in Rhodobacter sphaeroides GY-2).

Results: FOH production was significantly increased by overexpressing exogenous terpene synthase (TPS), phos-
phatidylglycerophosphatase B (PgpB), and sesquiterpene synthase (ATPS), as well as RNAi-mediated silencing of psy 
coding phytoene synthase (PSY) in R. sphaeroides strains. Rs-TPS, Rs-ATPS, and Rs-PgpB respectively produced 68.2%, 
43.4%, and 21.9% higher FOH titers than that of the control strain. Interestingly, the  CoQ10 production of these 3 
recombinant R. sphaeroides strains was exactly opposite to that of FOH. However,  CoQ10 production was almost unaf-
fected in R. sphaeroides strains modified by psy RNA interference. The highest FOH production of 40.45 mg/L, which 
was twice as high as that of the control, was obtained from the TPS-PSYi strain, where the exogenous TPS was com-
bined with the weakening of the phytoene synthesis pathway via psy RNA interference.  CoQ10 production in TPS-PSYi, 
ATPS-PSYi, and PgpB-PSYi was decreased and lower than that of the control strain.

Conclusions: The original flux that contributed to phytoene synthesis was effectively redirected to provide pre-
cursors toward FOH or  CoQ10 synthesis via psy RNA interference, which led to weakened carotenoid synthesis. The 
improved flux that was originally involved in  CoQ10 production and phytoene synthesis was redirected toward 
FOH synthesis via metabolic modification. This is the first reported instance of FOH and  CoQ10 co-production in R. 
sphaeroides using a metabolic engineering strategy.
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Background
Sesquiterpenes are C15-terpenoids composed of 3 
isoprene units with numerous important medical 

and industrial applications [1]. (E,E)-Farnesol (FOH; 
 C15H26O) is a colorless acyclic sesquiterpene alcohol 
found in many essential plant oils such as lemon grass, 
neroli, cyclamen, tuberose, rose, and musk [2]. FOH is 
known to play an important role in signal transduction 
[3], cell proliferation, quorum-sensing [4, 5], and apop-
tosis induction [6, 7]. Recently, FOH was reported to 
be valuable in medical application because it exhibited 
anti-cancerous and anti-inflammatory effects, and was 
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also found to alleviate allergic asthma, gliosis, and edema 
[8, 9]. However, FOH extraction from plants is non-fea-
sible for large scale production as only trace amounts 
can be found in plant essential oils. Furthermore, the 
plant resources for FOH production are limited to slow 
growth, varying composition, season, climate, and scal-
ing-up facilitation. In order to circumvent these limita-
tions, FOH production in prokaryotic and eukaryotic 
microorganisms using metabolic engineering has been 
exploited [10–13], along with culture optimization for 
enhanced FOH production using Saccharomyces cer-
evisiae and Candida albicans [14, 15]. Figure 1 illustrates 
that FOH can be obtained from the depyrophosphoryla-
tion of farnesyl pyrophosphate (FPP) catalyzed by phos-
phatases or sesquiterpene synthases [11]. Unfortunately, 
only a few studies discuss FOH production by metaboli-
cally engineering microbial hosts, even though novel 
medical and industrial advantages of FOH have been 
revealed.

The ubiquinone, coenzyme  Q10  (CoQ10;  C59H90O4), is 
an essential cofactor in the aerobic respiratory electron 
transport chain and is widely distributed in almost all 
organisms [16, 17].  CoQ10 is composed of a benzoqui-
none head group and a side chain composed of 10 iso-
prenoid units, which distinguishes it from other  CoQn 
cognates.  CoQ10 is embedded within the hydrophobic 
domain of the phospholipid bilayer of cytoplasmic mem-
branes, and plays an essential role in removing harmful 
reactive oxygen species as a redox-active molecule during 
disulfide bond formation [18, 19]. The clinical benefits of 
 CoQ10 supplementation include the prevention of heart 
failure as a supplement to 3-hydroxy-3-methylglutaryl 
coenzyme A (HMG-CoA) reductase inhibitors [20, 21] 
and acute myocardial infarction in cardiovascular dis-
eases, as well as positive effects in mitochondrial dis-
eases, certain neurodegenerative diseases, and diabetes 
[22, 23]. Over  the  past  2  decades, economical produc-
tion of  CoQ10 using microbial processes has been devel-
oped because of the growing demands for  CoQ10 in the 
pharmaceutical and food industry. Some prokaryotic 
microorganisms, such as Rhodobacter sphaeroides and 
Agrobacterium tumefaciens, have been well-studied by 
researchers as natural producers of  CoQ10 [20, 24, 25]. 
In most prokaryotic cells, there are 3 combined pathways 
involved in  CoQ10 biosynthesis. The  CoQ10 benzoqui-
none “head” is synthesized from 4-hydroxybenzoic acid 
via the shikimate pathway, whereas the isoprenoid side 
chains are synthesized via isopentenyl pyrophosphate 
(IPP) synthesis enzymes using 10 IPP molecules derived 
from pyruvate and glyceraldehyde-3-phosphate from the 
methylerythritol phosphate (MEP) or mevalonate (MVA) 
pathways that are only present in eukaryotes and some 
bacteria.  CoQ10 is then assembled by combining the 

isoprenoid side chain with the benzoquinone head in the 
ubiquinone pathway [17, 18] (Fig. 1).

The synthesized FPP from IPP and dimethylallyl 
pyrophosphate (DMAPP) is distributed into differ-
ent pathways, including lycopene, ubiquinone, or 
squalene biosynthesis, in prokaryotic microorganisms. 
R. sphaeroides is utilized for industrial  CoQ10 production 
because a large proportion of FPP can be directed to the 
ubiquinone synthesis pathway for high-titer  CoQ10 pro-
duction, in addition to the detailed knowledge of the key 
genes and metabolic pathways involved in  CoQ10 biosyn-
thesis [17, 26]. The excess FPP can be used as a precur-
sor for the synthesis of other valuable compounds. In this 
study, R. sphaeroides GY-2, a high-yield  CoQ10 mutant 
strain obtained from R. sphaeroides 2.4.1 (ATCC 17023) 
in our previous work [26], was metabolically engineered 
to directly produce FOH by introducing sesquiterpene 
synthase or terpene synthase. In order to improve the 
FPP supplement for FOH biosynthesis, the competi-
tive phytoene synthesis pathway was weakened by effi-
ciently downregulating the psy-coding phytoene synthase 
(PSY) using RNAi-mediated gene silencing (Fig.  2a). 
Furthermore, the exogenous genes of phosphatidylglyc-
erophosphatase B (PgpB, GeneID: 945863) from Escheri-
chia coli, terpene synthase (TPS, GeneID: 541974) from 
Zea mays, and acyclic sesquiterpene synthase (ATPS, 
GeneID: 100833760) from Brachypodium distachyon 
were introduced into R. sphaeroides GY-2 for FOH syn-
thesis (Fig. 2b). FOH is synthesized in the cytoplasm and 
secreted outside the cells, whereas the produced  CoQ10 
is maintained inside cells and attached to the cell mem-
brane. Therefore, FOH and  CoQ10 can theoretically be 
co-produced simultaneously via separation of superna-
tant and cell pellet. To the best of our knowledge, this is 
the first report that is looking to synthesize FOH in R. 
sphaeroides while attempting to co-produce FOH and 
 CoQ10 at the same time.

Materials and methods
Chemicals and regents
All the restriction enzymes in this study were purchased 
from New England Biolabs (Beijing, China). The gel 
extraction kits and plasmid mini kits were from Omega 
bio-tek (Guangzhou, China). The standard of farnesol 
and n-decane are from Sigma-Aldrich Inc., (Milwaukee, 
Wisconsin, US). The fermentation medium and chemi-
cals were purchased from Beijing Chemical Works (Bei-
jing, China).

Strains and culture conditions
Escherichia coli DH5α and E. coli TOP10 were used for 
cloning and plasmids construction. E. coli S17-1 is the 
plasmid donor cells that transport recombinant plasmids 



Page 3 of 12Chen et al. Microb Cell Fact           (2019) 18:98 

into R. sphaeroides strains for bi-parental conjugation. 
R. sphaeroides GY-2 that is a mutant strain with high 
yield of  CoQ10 was derived from R. sphaeroides 2.4.1. 
The strains and plasmids used in this study are listed in 
Table 1. E. coli strains were cultivated at 37 °C in Luria–
Bertani (LB) medium supplemented with 50  mg/mL of 
kanamycin sulfate when necessary. R. sphaeroides strains 
were grown at 32  °C in the seed culture medium com-
posed of 3.5 g/L  (NH4)2SO4, 2 g/L yeast extract, 0.75 g/L 
corn steep powder, 10 g/L glucose, 2 g/L NaCl, 0.75 g/L 
 K2HPO4, 0.75  g/L  KH2PO4, 0.1  g/L  FeSO4 and 0.3  g/L 

 MgSO4, 1  g/L nicotinic acid (Amresco Ltd., Solon, US), 
and 1 g/L biotin (Sigma-Aldrich, St Louis, US) at the pH 
6.1–6.3 adjusted by 10  mol/L sodium hydroxide. The 
fermentation culture medium was composed of 4  g/L 
 (NH4)2SO4, 32.5  g/L glucose, 3.25  g/L NaCl, 1.2  g/L 
 KH2PO4, 1.4 g/L  FeSO4 and 9.8 g/L  MgSO4, 3.9 g/L corn 
steep powder with an initial pH 6.0-6.3.

Construction of vectors
The expression plasmid pBBR1MCS2 was modified 
using pYC6a. The fragment containing the tac promoter 

Fig. 1 Schematic presentation of the strategy for improved co-production of FOH and  CoQ10, including introduction of three different exogenous 
terpene synthase or phosphatase combined with RNAi mediated silencing of gene psy of phytoene synthesis pathway in R. sphaeroides GY-2
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and TrrnB terminator was amplified from pYC6a using 
primers PTR-F and PTR-R. The resulting fragment 
was digested using SacII and HindIII, and ligated into 
pBBR1MCS2 to substitute the lac promoter of the origi-
nal pBBR1MCS2 with tac promoter, resulting in the plas-
mid pBBR1MCS2-tac. The gene encoding PgpB from E. 
coli Top 10 was amplified using the primers PgpB-EcoF 
and PgpB-EcoR listed in Table  1, and ligated with PCR 
product of pBBR1MCS2 (with primers pBBR1MCS2-
F and pBBR1MCS2-R) using Gibson  Assembly  master 
mix (New England Biolabs, Beijing, China). The genes 
encoding ATPS from Brachypodium distachyon and TPS 
from Zea mays were codon optimized for expression in 
R. sphaeroides, and synthesized by GenScript Ltd (Nan-
jing, China). Then codon optimized ATPS and TPS have 
been ligated into pBBR1MCS2-tac by Gibson  Assem-
bly cloning method using the primers ATPS-F, ATPS-R 
and TPS-F, TPS-R, respectively (Fig.  2b). The protocol 
of RNAi-mediated gene silencing was followed the pre-
vious report [29]. The short (365 bp) and long fragment 
(462  bp) of psy were amplified from the genome of R. 
sphaeroides using the primers of PSYSi-F, PSYSi-R and 
PSYLi-F, PSYLi-R, respectively. Then the short fragment 
was digested by EcoRI and SacI, whereas the long frag-
ment was digested by EcoRI and SalI. Then ligation was 
performed by mixing the two digested PCR products 
(827 bp) with the SacI/SalI digested vector pBBR1MCS2-
tac, resulting in the pBBR1MCS2-PSYi that contained 
the inverted repeat of psy. The genes of PgpB, ATPS and 
TPS with tac promoter and TrrnB were amplified using 
the primers PSYitac-F and PSYitac-R, and digested with 

BamHI/AscI. The three fragments were ligated into the 
BamHI/AscI digested pBBR1MCS2-PSYi, resulting in the 
pBBR1MCS2-PSYi-PgpB, pBBR1MCS2-PSYi-ATPS and 
pBBR1MCS2-PSYi-TPS, respectively (Fig. 2a). Each plas-
mid and primer sequence was listed in Table 1.

Bi‑parental conjugation for transformation
All the pBBR1MCS2-tac derivative expression plas-
mids were transformed into E. coli S17-1 via elec-
troporation and the resulting strains were used as 
plasmid donors. The process of conjugation mating 
was modified and carried out as described in a previ-
ous study [30]. Firstly, the donor strain E. coli S17-1 
and the recipient R. sphaeroides GY-2 were grown to 
mid-log phase, harvested by centrifugation (8000g, 
6 min) and resuspended in fresh LB medium. Then E. 
coli S17-1 and R. sphaeroides GY-2 cell suspensions 
were mixed at the ratios of 1:6 and 1:10, respectively. 
Afterwards, the culture mixture of the two strains was 
harvested, transferred to LB agar plate, and incubated 
for 24–30  h at 32  °C. The resulting strains were har-
vested by washing with 0.1  mL pre-cooled Sistrom’s 
minimal medium [31] and spread on LB agar plates 
containing 200 mg/L  K2TeO3 and 50 mg/mL kanamy-
cin. The black kanamycin-resistant colonies were iso-
lated, verified by PCR analysis, and utilized for further 
experiments. The recombinant R. sphaeroides GY-2 
harboring pBBR1MCS2-tac was used as the control.

Fig. 2 Schematic diagram of the methods used in this work for redirection of carbon flux. a The inducible gene silencing was triggered by 
expressing a hairpin RNA. After design and induction of the hairpin dsRNA, the dsRNA can be digested by the dicer enzyme in the cell to produce 
small interference RNA (siRNA) that triggers RNA interference (RNAi) to specifically degrade the endogenous target mRNA. b The short and long 
fragments of psy are constructed for conformation of the hairpin dsRNA under the control of tac promoter, as well as the exogenous genes coding 
TPS, PgpB and ATPS
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FOH and  CoQ10 production
All the recombinant R. sphaeroides strains were inocu-
lated and grown in the seed culture medium at pH 6.4 
and 32  °C, under constant orbital shaking at 200  rpm 
for 24 h, and then transferred to 500 mL baffled flasks 

containing 150  mL medium for batch fermentation at 
the same conditions for 48 h. The method of FOH col-
lection was carried out as described in the previous 
study [10]. In order to avoid volatile loss of FOH, the 
fermentation medium was covered with 15% volume of 

Table 1 Strains, plasmids and primers used in this study

Description References

Strain

 E. coli S17-1 RP4-2. Tc::Mu-Km::Tn7 [27]

 E. coli DH5α F-λ-endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG Φ80dlacZΔM15
Δ(lacZYA-argF)U169, hsdR17(rK-mK+)

Invitrogen

 E. coli TOP10 F-mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 recA1 araD139 Invitrogen

Δ(ara-leu)7697 galU galK λ-rpsL(StrR) endA1 nupG Invitrogen

 R. sphaeroides GY-2 CoQ10 high-yield mutant strain obtained from R. sphaeroides 2.4.1 This study

 Rs-TPS R. sphaeroides GY-2 harboring TPS This study

 Rs-ATPS R. sphaeroides GY-2 harboring ATPS This study

 Rs-PgpB R. sphaeroides GY-2 harboring PgpB This study

 PSYi1, PSYi2, PSYi3, PSYi4 R. sphaeroides GY-2 derivatives with psy RNA interference This study

 TPS-PSYi R. sphaeroides GY-2 harboring TPS with psy RNA interference This study

 ATPS-PSYi R. sphaeroides GY-2 harboring ATPS with psy RNA interference This study

 PgpB-PSYi R. sphaeroides GY-2 harboring PgpB with psy RNA interference This study

Plasmids

 pYC6a Ptac promoter, AmpR This study

 pBBR1MCS2 low-copy cloning vector, KanR [28]

 pBBR1MCS2-tac pBBR1MCS2 containing tac promoter This study

 pBBR1MCS2-PgpB pBBR1MCS2-tac containing PgpB from E. coli This study

 pBBR1MCS2-ATPS pBBR1MCS2-tac containing ATPS from Brachypodium distachyon This study

 pBBR1MCS2-TPS pBBR1MCS2-tac containing TPS from Zea mays This study

 pBBR1MCS2-PSYi pBBR1MCS2-tac containing PSYi This study

 pBBR1MCS2-PSYi-PgpB pBBR1MCS2-PSYi containing PgpB from E. coli This study

 pBBR1MCS2-PSYi-ATPS pBBR1MCS2-PSYi containing ATPS from Brachypodium distachyon This study

 pBBR1MCS2-PSYi-TPS pBBR1MCS2-PSYi containing TPS from Zea mays This study

Primers Sequence (5′–3′)

PTR-F ATT CCC CGC GGC ACA GCT AAC ACC ACG TCG TC

PTR-R GAG CCC AAG CTT GAA AGG CCC AGT CTT TCG AC

PSYLi-F GGA ATT CCG GCG GCG ATG GCC GCG CCCC 

PSYLi-R TTC CGC GGC CGC TAT GGC CGA CGT CGA CGC CAG GCC GCG AGC CCC GCG G

PSYSi-F GGA ATT CCC TCG AGG TGG CGC GCA CGCC 

PSYSi-R CGA GCT CGC CAG GCC GCG AGC CCC GC

pBBR1MCS2-F GAA TTC GGT GAG CTC GGT CTG 

pBBR1MCS2-R GGT TAA TTC CTC CTG TTA CGCGC 

PgpB-EcoF CGT AAC AGG AGG AAT TAA CCA TGC GTT CGA TTG CCA GAC 

PgpB-EcoR AGA CCG AGC TCA CCG AAT TCT TAG TGG TGG TGG TGG TGGTG 

ATPS-F CGT AAC AGG AGG AAT TAA CCA TGC ACA TCG ACC CGG CC

ATPS-R AGA CCG AGC TCA CCG AAT TCT TAG AGC GAG TCC GAG AAG TCG 

TPS-F CGT AAC AGG AGG AAT TAA CCA TGG CCA TGC CGG TGA AG

TPS-R AGA CCG AGC TCA CCG AAT TCT TAC ACG TCC GAC ACG AG

PSYitac-F CGC GGA TCC CAC AGC TAA CAC CAC GTCG 

PSYiT-R TTG GCG CGC CTA GTG GTG GTG GTG GTGGT 
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decane to collect FOH. After the batch fermentation, 
the upper layer of decane phase was collected for FOH 
extraction. Then the remaining solution was centri-
fuged for 8 min at 12,000 rpm to collect cells for  CoQ10 
extraction. The cells were re-suspended using 150  mL 
PBS solution and 1  mL aliquot of the fermentation 
broth was harvested, combined 200 μL HCl solution 
(6  mol/L), and incubated at 65  °C for 20  min. Subse-
quently, 1 mL acetone and 100 μL of 30% hydrogen per-
oxide solution were added. After that the mixture was 
collected, filled with ethanol up to 10  mL, and incu-
bated in an ultrasonic bath at 4  °C for 45  min. Pellets 
were harvested and centrifuged at 8000g for 10  min. 
The resulting supernatants were collected and exam-
ined for  CoQ10 production.

HPLC and GC–MS analysis
The yield of FOH was detected by GC–MS (Agilent Tech-
nologies 6890  N Gas Chromatograph combined with 
5975C Mass Spectrometry with Triple-Axis Detector) 
in this study. Samples were injected at a split ratio of 1:5 
and were separated using a 19091N-133I HP-INNOWAX 
chromatographic column (30  m × 0.25  mm × 0.25  μm) 
with helium at the flow rate of 1.0 mL/min as carrier gas. 
The initial temperature of the injector was 250 °C and the 
column oven is set to 60 °C. In the first step of vaporiza-
tion, the heating rate was 10 °C/min until the temperature 
rises to 190 °C and held for 2 min. The heating rate in the 
second step was 20  °C/min to the final temperature of 
250 °C and held 5 min. The standard sample of FOH was 
purchased from Sigma-Aldrich Inc., (Shanghai, China). 
 CoQ10 was determined using an UltiMate TM 3000 HPLC 
system (Thermo-Fisher Scientific, Waltham, US) equipped 
with a 250  mm × 4.6  mm × 5  µm, C18-reversed phase 
column (Thermo-Fisher  Scientific, Beijing, China) and a 
photo-diode array detector. Methanol/isopropyl alcohol at 
a ratio of 3:1 (v/v) was used as the mobile phase at a flow 
rate of 0.8 mL/min.  CoQ10 can be detected at 275 nm and 
254  nm and its concentrations were determined using a 
standard curve based on an HPLC-grade authentic  CoQ10 
standard (Sigma-Aldrich, Shanghai, China).

Quantitative real‑time RT‑PCR analysis
In order to evaluate the effects of RNA interference of the 
psy gene, quantitative real-time RT-PCR was utilized for 
analysis of all the PSY RNAi strains. The RNA samples 
for quantitative real-time RT-PCR analysis were collected 
from cells grown under the same growth conditions. 
Total RNA was isolated from all the PSY RNAi R. 
sphaeroides strains and reversely transcribed using a two-
step strategy with reverse transcriptase PCR kit (Qiagen, 
Shanghai, China). The RT-qPCR reaction was carried out 

in 25 μL reactions containing 12.5 μL of Universal SYBR 
Master (ROX), 2.0 μL of properly diluted cDNA from 
20–30 ng/mL of cDNA for all genes, 0.5 μL of 50× ROX 
reference dye II (for error correction between wells), and 
0.5 ml of each primer at 10 mM and 9 mL of sterile dis-
tilled water. GAPDH gene of R. sphaeroides was selected 
as control for normalizing expression of the samples. All 
real-time PCR reactions were performed on the 
 LightCycler® 96 (Roche Diagnostics, US). The fold 
change of the target cDNA was determined using the 
value of 2−��Ct

(

−��Ct =
[

Ct(target) − Ct(ref)

]

sample
−

Ct(ref)

]

WT

)

 , where Ct represents the threshold cycle [32]. 
All the values were determined through triplicate experi-
ments and statistical significance was considered signifi-
cant at P < 0.05.

Results
Introduction of exogenous phosphatases, terpene, 
and sesquiterpene synthase for FOH production
FOH can be directly synthesized via FPP dephospho-
rylation in plants and microorganisms. Phosphatases or 
pyrophosphatases are suitable for FPP catalysis; how-
ever, terpene synthase and sesquiterpene synthase are 
also expected to be catalyst candidates because FOH 
biosynthesis usually occurs via terpene synthase or ses-
quiterpene synthase with broad substrate specificities 
in plants [1, 33]. In this study, the exogenous terpene 
synthase (TPS) from Zea mays and acyclic sesquiter-
pene synthase (ATPS) from Brachypodium distachyon, 
as well as the phosphatidylglycerophosphatase B (PgpB) 
from E. coli TOP10 were synthesized, codon optimized 
for expression, and introduced into R. sphaeroides GY-2 
for improved FOH production. Figure  3 shows that the 
introduction of the exogenous genes almost has no effect 
on the dry cell weight (DCW) of all the strains, except 
that the biomass accumulation of the R. sphaeroides 
strain harboring TPS was slightly lower than that of the 
control strain, R. sphaeroides GY-2. As we expected, 
FOH and  CoQ10 could be co-produced simultaneously 
from all the metabolically-engineered R. sphaeroides 
strains (Fig. 4). The results showed that FOH production 
in the three recombinant R. sphaeroides strains harbor-
ing TPS (Rs-TPS), ATPS (Rs-ATPS), and PgpB (Rs-PgpB) 
was higher than that of the R. sphaeroides strain harbor-
ing the plasmid pBBR1MCS2-tac (control) after 48  h of 
fermentation (Fig. 4a). Thus, it was concluded that FOH 
could be synthesized using R. sphaeroides GY-2 using its 
endogenous FOH synthase; however, FOH production 
could be greatly increased by overexpressing exogenous 
terpene or sesquiterpene synthase. Rs-TPS, Rs-ATPS, 
and Rs-PgpB respectively produced 68.2%, 43.4%, and 
21.9% higher FOH titers than the control strain. Interest-
ingly, the order of the  CoQ10 yield in the 3 recombinant 
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R. sphaeroides strains was exactly opposite to that of 
FOH production (Fig.  4b). The highest  CoQ10 produc-
tion of 134.5 mg/L was obtained from Rs-PgpB, followed 
by 133.2  mg/L in Rs-ATPS, and 122.7  mg/L in Rs-TPS, 
which was lower than the control (131.4 mg/L). As illus-
trated in Fig.  1, the FOH and  CoQ10 synthesis process 
was based on competition for FPP. When FOH produc-
tion increased, the FPP used for  CoQ10 synthesis corre-
spondingly decreased. Therefore, higher FOH production 
leads to lower  CoQ10 titers in all three recombinant R. 
sphaeroides strains.

Effect of psy RNA interference on FOH and  CoQ10 
production
Metabolic flux in microorganisms can be redirected by 
regulating the key enzymes involved in the pathway. 

Strategies including overexpression of genes encoding 
the enzymes for target compound synthesis and disrup-
tion of the genes responsible for by-product synthesis or 
feedback suppression have been developed to improve the 
titer and yield of the target product [11, 12, 34–36]. Here 
the plasmid pBBR1MCS2-PSYi was constructed for RNA 
interference of the gene coding phytoene synthase, which 
converts geranylgeranyl pyrophosphate (GGPP) mole-
cules into phytoene. pBBR1MCS2-PSYi was obtained and 
transformed into R. sphaeroides GY-2 via bi-parental con-
jugation. The pre-mRNA was then expressed and spliced 
to form a self-complementary RNA homologous hairpin 
comprising of a 365-bp stem and a 62-bp loop by insert-
ing an inverted repeat (IR) sequence. A total of 15 posi-
tive psy RNA interference transformants were obtained 
and confirmed via polymerase chain reaction (PCR) and 
sequencing using the primers, PSYLi-F and PSYSi-R. 
Among these 15 positive transformants, 4 strains, desig-
nated as PSYi1 to PSYi4, showed significantly decreased 
transcriptional levels of psy via a primary screening 
using quantitative real-time RT-PCR analysis, and were 
selected as the candidate strains. The biomass accumula-
tion results of these candidate strains illustrated that there 
was no significant difference in the DCW between the 
4 psy interference strains and the control R. sphaeroides 
GY-2 strain (Fig. 3). The DCW of the interference strain 
cultures could reach up to 14  g/L after 48  h, which was 
only slightly higher than the control. However, the differ-
ent psy RNA interference levels in the 4 candidate strains 
were obtained based on RNAi-mediated gene silencing 
via pBBR1MCS2-PSYi (Fig.  5a). The expression level of 
psy in the PSYi2 strain was inhibited by 60%, whereas only 
12% inhibition was achieved in PSYi1. This was probably 
because of the different expression levels of the RNAi or 

Fig. 3 Effects of overexpression of the three exogenous genes 
and RNA interference of psy on the biomass accumulation of R. 
sphaeroides strains. R. sphaeroides GY-2 was used as control

Fig. 4 Effects of overexpression of the three exogenous genes on a FOH production and b  CoQ10 production in a 48 h of batch culture
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generated siRNA caused due to the different integration 
sites of the RNAi expression cassette.

FOH and  CoQ10 production in all the PSY interference 
strains was determined using GC–MS and HPLC, respec-
tively (Fig.  5b). The results showed that the final FOH 
production from all the 4 PSY interference strains was 
significantly higher than that of the control R. sphaeroides 
GY-2 strain. The highest FOH yield of 20.98  mg/L was 
obtained from PSYi4, while R. sphaeroides GY-2 only 
accumulated 14.2 mg/L, which was 32.3% less than PSYi4. 
At least more than 20% FOH production was obtained 
in all the 4 PSY interference strains when compared to 
the control. The FOH yield from all the PSYi strains was 
shown to have significantly improved because of the redi-
rection of the carbon flux. The phytoene synthesis path-
way was weakened via psy RNA interference, which led 
to the original flux being directed towards phytoene syn-
thesis and eventually, FOH or  CoQ10 synthesis. However, 
the PSYi2, PSYi3, and PSYi4  CoQ10 titers were not more 
than 5% higher than the control strain, while the PSYi1 
 CoQ10 yield was lower compared to the control (Fig. 5b). 
These results demonstrated that  CoQ10 production in the 
R. sphaeroides strains was almost unaffected by the psy 
RNA interference and redistributed flux, which suggests 
that most of the redirected carbon flux from the reduced 
phytoene synthesis likely contributed to FOH produc-
tion. Due to the high inhibitory effect of the RNA inter-
ference, this RNAi-mediated psy silencing strategy was 
utilized to further improve the FOH and  CoQ10 yields.

Co‑production of FOH and  CoQ10 
from metabolically‑engineered R. sphaeroides
In the R. sphaeroides strains, carbon flux competi-
tion at the FPP metabolic junction is distributed into 

different pathways including lycopene synthesis, ubiqui-
none pathway for  CoQ10 production, and squalene bio-
synthesis. In this study, we opted to reduce the cellular 
metabolic flux toward squalene biosynthesis in order to 
enhance the co-production of FOH and  CoQ10. Thus, 
the pBBR1MCS2-PSYi RNA interference plasmid was 
transformed into Rs-TPS, Rs-ATPS, and Rs-PgpB, and 
the resulting strains were designated as TPS-PSYi, ATPS-
PSYi, and PgpB-PSYi, respectively. Similar to the DCW of 
the recombinant R. sphaeroides strains in Fig. 2, the TPS-
PSYi biomass accumulation was lower than that of the 
control strain, while no significant difference was found 
between the ATPS-PSYi, PgpB-PSYi, and control strains 
(Fig. 6a). When pBBR1MCS2-PSYi was transformed into 
Rs-TPS, Rs-ATPS, and Rs-PgpB, psy transcription of 
these 3 R. sphaeroides strains was significantly inhibited 
(Fig. 6b). More than a 50% decrease in psy transcriptional 
inhibition was obtained by RNAi in all the 3 strains. 
Among the 3 RNAi strains, Rs-PgpB was the most inhib-
ited R. sphaeroides strain with only 28.7% transcription 
remaining when compared to the control. Theoretically, 
a higher flux through FPP redirects into the ubiquinone 
and FOH synthesis pathway. Figure  6c demonstrates 
the FOH production from the metabolically-engineered 
strains, TPS-PSYi, ATPS-PSYi, and PgpB-PSYi, within 
48  h of fermentation. The highest FOH production of 
40.45 mg/L was obtained from TPS-PSYi in a batch cul-
ture of 48 h, which was twice as high as that of the con-
trol strain. Moreover, FOH production from ATPS-PSYi 
and PgpB-PSYi were 52.8% and 15.6% higher than that of 
the control, respectively. These results indicate that FOH 
production can be substantially increased by overex-
pressing terpene or sesquiterpene synthase coupled with 
the weakening of the phytoene synthesis pathway via psy 

Fig. 5 Four R. sphaeroides strains with significantly reduced transcriptional levels of gene psy were obtained. a The different RNA interference levels 
of psy in the four strains, b FOH and  CoQ10 production of the four strains. R. sphaeroides GY-2 was used as control
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RNA interference. Although the highest efficacy of RNA 
interference was found in PgpB-PSYi, the lowest FOH 
production was also observed in this strain; this is differ-
ent from the PSYi2 results, where it was the most inhib-
ited strain but exhibited higher FOH production (Fig. 5). 
 CoQ10 production in TPS-PSYi, ATPS-PSYi and PgpB-
PSYi was no more than 120 mg/L, which was lower than 
that of the control strain, R. sphaeroides GY-2 (Fig. 6d). 
ATPS-PSYi and TPS-PSYi accumulated the highest and 
the lowest  CoQ10 titers, respectively.  CoQ10 production 
in TPS-PSYi, ATPS-PSYi, and PgpB-PSYi was found to 
be significantly and respectively lower than the Rs-TPS, 
Rs-ATPS, and Rs-PgpB overexpression strains. However, 
no corresponding relationship for the redirecting carbon 
flux was observed because both FOH and  CoQ10 produc-
tion in ATPS-PSYi was higher than that in PgpB-PSYi.

Discussion
Farnesol, an acyclic sesquiterpene alcohol, is found in 
the essential oils of various plants in nature and is used 
to treat allergic asthma, gliosis, diabetes, atherosclero-
sis, and hyperlipidemia [8]. Exogenous FOH has been 
reported to regulate inflammatory responses and exhibit 
anti-cancerous and anti-inflammatory effects [8, 9]. FOH, 
extracted from natural plants, has been used in chemo-
prevention due to its relatively low toxicity as compared 
to its synthetic counterparts; however, its extraction can-
not meet large scale needs because limited amounts of 
FOH content in plant oil leads to high extraction costs. 
There is a growing interest in engineering terpene and 
sesquiterpene production for large-scale fermentation 
using microorganisms to circumvent the limited avail-
ability of these valuable compounds with low natural 
content [12]. In this study, we firstly produced FOH from 
a metabolically-engineered R. sphaeroides mutant strain 
GY-2 that already provides high  CoQ10 yields, which is 

Fig. 6 The metabolically engineered strains TPS-PSYi, ATPS-PSYi and PgpB-PSYi were obtained. a Biomass accumulation of TPS-PSYi, ATPS-PSYi 
and PgpB-PSYi. b Transcription levels of gene psy of these three R. sphaeroides strains were differently inhibited. c FOH production and d  CoQ10 
production of TPS-PSYi, ATPS-PSYi and PgpB-PSYi in a 48 h of batch culture
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also a valued compound with many clinical benefits [16]. 
FOH and  CoQ10 can be co-produced simultaneously 
and separated easily from one another because the syn-
thesized FOH is secreted outside cells, whereas  CoQ10 is 
produced and maintained inside the cells. Although FOH 
can be synthesized from R. sphaeroides GY-2, it is almost 
impossible to obtain more than 15 mg/L of FOH due to 
the low enzymatic activities of endogenous FOH syn-
thase or pyrophosphorylase in the control strain. FOH 
production was significantly increased by overexpress-
ing PgpB from Escherichia coli, TPS from Zea mays, and 
ATPS from Brachypodium distachyon in R. sphaeroides 
GY-2. However,  CoQ10 production decreased corre-
spondingly due to the enhanced carbon flux directed 
toward FOH synthesis. These results suggested that an 
improved flux, including the portion originally used for 
 CoQ10 production, was redirected toward FOH synthesis 
through metabolic modification.

On the other hand, the reaction catalyzed by PSY, 
which was the first committed step of the carotenoid syn-
thesis, was considered to be an important control point 
in regulating the carbon flux through the carotenoid syn-
thesis pathway [37]. Carotenoids in microorganisms are 
considered to be biological antioxidants against reactive 
oxygen species that relieve the damage caused by oxida-
tive DNA-damaging agents [38]. RNA interference medi-
ated by the expression of short hairpin RNAs (shRNAs) 
is a powerful tool in efficiently suppressing target genes. 
Thus, RNA interference-mediated silencing, rather than 
disruption, of psy was carried out in this work to weaken 
the phytoene synthesis pathway so that the carbon flux 
directed towards FOH and  CoQ10 could be further 
improved. Phytoene production was decreased by 26.3% 
when compared to the control in the PSY interference 
strains (Additional file 1: Fig. S1), resulting in improved 
FOH production.

There is probably not much flux being directed into the 
functional carotenogenic pathway because only a small 
amount of carotenoid can be found in many organisms 
[39]. However, improved FOH production was obtained 
in all four PSY interference strains when compared to the 
control strain, whereas  CoQ10 production in these strains 
was almost unaffected (Fig. 5). In fact, conditional inhi-
bition of the specific pathway after sufficient bacterial 
growth has been shown to redirect the excess flux toward 
a desired bio-production pathway [40]. The results sug-
gested that most of the redirected excess carbon flux 
caused by the interruption of phytoene synthesis likely 
contributed to FOH production. An alternative expla-
nation to the results is that the flux redirected towards 
improved FOH production was far more significant than 

that toward  CoQ10 production because the same amount 
of redirected flux from the reduced phytoene synthesis 
contributed to almost 4 times more FOH than  CoQ10 due 
to the different carbon contents of their molecules. Fur-
thermore, FOH production was greatly improved by the 
three metabolically-engineered strains combined with 
the terpene or sesquiterpene synthase overexpression 
and psy RNA interference (Fig. 6c).  CoQ10 production in 
these strains was also significantly decreased and even 
lower than that of the control strain, R. sphaeroides GY-2 
(Fig.  6d). This confirmed the previous suggestion that 
the improved flux that was originally involved in  CoQ10 
production was being redirected towards FOH synthesis 
through metabolic modification. It appears that the car-
bon flux balance can be disturbed and redirected when a 
related metabolic pathway changes. In this study, a gen-
erated carbon flux derived from multiple sources at the 
FPP metabolic junction was redistributed towards FOH 
synthesis by introducing exogenous terpene or sesquit-
erpene synthase. The TPS-PSYi and ATPS-PSYi strains 
exhibited potential industrial application prospects due 
to their ability to simultaneously co-produce high lev-
els of FOH and  CoQ10. However, the highest FOH titer 
of 40.45 mg/L obtained from TPS-PSYi in this study was 
still lower than the previous reports [10, 11] due to lack 
of MVA pathway in R. sphaeroides. Despite this disadvan-
tage, the strategy in this work for effective metabolic flux 
redirection is convenient and economical for the possi-
ble commercial co-production of FOH and  CoQ10. Fur-
ther improvements in FOH and  CoQ10 production can 
be possibly accomplished through metabolic engineer-
ing for more available carbon flux redirected towards the 
desired products.

Conclusions
In this study, co-production of FOH and  CoQ10 was per-
formed by introducing three different exogenous terpe-
nes or sesquiterpene synthases combined with psy RNA 
interference in R. sphaeroides GY-2. It is noteworthy that 
FOH production was greatly enhanced due to redirected 
flux derived from the carotenoid and  CoQ10 synthesis 
pathways. This study confirms the effectiveness of psy 
RNA interference in redirecting carbon flux, responsi-
ble for phytoene synthesis, towards FOH production. 
To the best of our knowledge, this is the first reported 
instance of simultaneous FOH and  CoQ10 co-produc-
tion in R. sphaeroides using the metabolic engineering 
strategy. This strategy can broaden applications in other 
organisms for further improvements in desired products. 
Therefore, the two strains, TPS-PSYi and ATPS-PSYi, 
developed in this study provide a viable approach using 
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strain engineering for the industrial production of FOH 
and  CoQ10.

Additional file

Additional file 1: Fig. S1. Phytoene production of the four strains with 
RNAi mediated silencing of the gene psy. R. sphaeroides GY-2 was used as 
the control.
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