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terpinene by metabolically
engineered Escherichia coli using glycerol as
feedstock
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Gamma (g)-terpinene, a monoterpene compound, which is generally used in the pharmaceutical and

cosmetics industries, due to its physical and chemical properties, is expected to become one of the

more influential compounds used as an alternative biofuel in the future. It is necessary to seek more

sustainable technologies such as microbial engineering for g-terpinene production. In this study, we

metabolically engineered Escherichia coli to produce g-terpinene by introducing a heterologous

mevalonate (MVA) pathway combined with the geranyl diphosphate synthase gene and g-terpinene

synthase gene. Subsequently, the culture medium and process conditions were optimised with a titre of

19.42 mg L�1 obtained. Additionally, in-depth analysis at translation level for the engineered strain and

intermediate metabolites were detected for further analysis. Finally, the fed-batch fermentation of g-

terpinene was evaluated, where a maximum concentration of 275.41 mg L�1 with a maintainable

feedstock of glycerol was achieved.
1. Introduction

Monoterpenes (C10H16) are compounds that are part of the
terpene class, consisting of two isoprene units. They are known
to form a remarkably sophisticated defence system in plants in
the ght against predators such as insects and herbivores,1,2 as
well as having a number of other production purposes such as
a hydrocarbon antioxidants,3–5 in fragrances,6 as ne chemicals
and in medicinal products.7–11 Recently, an increased interest in
the production of transportation fuels from renewable
resources has catalysed many research endeavours focussing on
developing microbial systems for production of these natural
resources.12–14 In particular, monoterpenes are considered to be
the best candidates as precursors in the production of
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alternative aviation fuels. Previously, it has been reported that
the hydrogenated monoterpenes, limonene and pinene,
enhanced cold weather performance of jet fuel mixtures. It was
shown that limonene could match the volumetric energy,
whereas pinene could match the net heat of combustion char-
acteristics of the aviation turbine fuel JP-10.15,16

Gamma (g)-terpinene (CAS: 99-85-4), is also a known
potential biofuel alternative; is synthesised from the cyclisation
of the geranyl diphosphate (GPP);17–22 and is produced from
either the methylerythritol 4-phosphate pathway (MEP) or the
mevalonate (MVA) pathway (Fig. 1).23 The current isolation
technique of g-terpinene from plants and citrus fruit is ineffi-
cient, requiring substantial expenditure of natural resources as
well as the use of a number of environmentally hazardous
chemicals.24,25 Escherichia coli has well established metabolic
pathways, simple genetic manipulation technology, and its
fermentation technology is approaching maturity.26 Therefore,
a more sustainable technology using E. coli for the production
of g-terpinene is required to allow it to be considered as a viable
bio-based advanced biofuel in the future.

g-Terpinene synthase (TPS) belongs to the monoterpene
cyclases family, and is the catalysis responsible for the conver-
sion of GPP into g-terpinene.27,28 Currently, TPS extraction has
been reported from Eucalyptus, Origanum vulgare, Citrus limon,
Citrus unshiu, Thymus vulgaris, and Thymus caespititius.
Furthermore, it has been shown that TPS extracted specically
from Coriandrum sativum, C. limon, and O. vulgare was able to
catalyse the conversion of GPP into g-terpinene as well as
a number of other products, such as a-thujene, myrcene,
RSC Adv., 2018, 8, 30851–30859 | 30851
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Fig. 1 g-Terpinene biosynthesis pathway. g-Terpinene was produced from the MEP pathway and MVA pathway, respectively. Pathway inter-
mediates: GAP, glyceraldehyde 3-phosphate; PYR, pyruvate; DXP, 1-deoxy-D-xylulose 5-phosphate; MEP, 2C-methyl-D-erythritol 4-phosphate;
CDP-ME, 4-diphosphocytidyl-2C-methyl-D-erythritol; CDP-MEP, 2-phospho-4-(cytidine-50-di-phospho)-2C-methyl-D-erythritol; MEcPP,
2C-methyl-D-erythritol 2,4-cyclodiphosphate; HMBPP, 1-hydroxy-2-methyl-2(E)-butenyl 4-diphosphate; IPP, isopentenyl diphosphate;
DMAPP, dimethylallyl diphosphate; GPP, geranyl diphosphate; A-CoA, acetyl-CoA; AA-CoA, acetoacetyl-CoA; HMG-CoA, 3-hydroxy-3-
methylglutaryl-CoA; MevP, mevalonate 5-phosphate; MevPP, mevalonate 5-diphosphate. Enzymes in MEP pathway: DXS, DXP synthase; DXR,
DXP reductoisomerase; MCT, CDP-ME synthase; CMK, CDP-ME kinase; MDS, ME-cPP synthase; HDS, HMBPP synthase; HDR, HMBPP reductase;
IDI, IPP isomerase. Enzymes in MVA pathway: MvaE, acetyl-CoA acetyltransferase/HMG-CoA reductase; MvaS, HMG-CoA synthase; ERG12,
mevalonate kinase; ERG8, phosphomevalonate kinase; ERG19, mevalonate pyrophosphate decarboxylase; IDI1, IPP isomerase.
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sabinene, limonene, pinene, linalool, a-phellandrene, ocimene,
cymene, a-terpinolene, a-thujene and a-terpinene.29–31 More-
over, the microbial production of GPP was available in E. coli.
Therefore, when TPS was introduced into E. coli, the microbial
production technique for g-terpinene was able to be con-
structed. Additionally, to ensure sustainable production of g-
terpinene by a microorganism like E. coli, the ability to use
a renewable carbon source such as glycerol is necessary, along
with a more developed and optimised fermentation medium
and process conditions.32–34

Based on our previously work,33,34 in this study g-terpinene
was produced by assembling a biosynthetic pathway in an
engineered E. coli strain, using the heterologous MVA pathway
combined with the addition of the acetyl-CoA acetyltransferase/
HMG-CoA reductase gene (mvaE), HMG-CoA synthase gene
(mvaS) from Enterococcus faecalis, geranyl diphosphate synthase
gene (GPPS2) gene from Abies grandis and TPS2 gene from T.
vulgaris, due to its catalytic specicity. Additionally, on the
chromosome of this particular E. coli strain the mevalonate
kinase gene (MK/ERG12), phosphomevalonate kinase gene
(PMK/ERG8), mevalonate pyrophosphate decarboxylase gene
(PMD/ERG19) and IPP isomerase gene (idi/IDI1) were present.35

Finally, fed-batch fermentation of g-terpinene was evaluated
30852 | RSC Adv., 2018, 8, 30851–30859
using the optimised culture medium and process conditions.
This study has begun the necessary foundations needed for
a more sustainable future method of g-terpinene production.

2. Materials and methods
2.1 Plasmid construction and bacterial strain

All bacterial strains used in this study are listed in Table 1. E.
coli DH5a (Invitrogen, California, USA) was used as the host to
extract all necessary plasmids. E. coli BL21(DE3) (Invitrogen)
and E. coli CIBTS1756 (ref. 35) was used as the host strains to
over express the necessary proteins and therefore to produce g-
terpinene. All plasmids used in this study (Table 1), were con-
structed using standard cloning techniques as per manufac-
tures protocols. Antibiotic resistance, PCR and DNA sequencing
were utilised for the verication of alleles as well as plasmid
constructs.

TPS (TPS2, GenBank: KR920616) from T. vulgaris, was ana-
lysed using online soware (http://www.expasy.org/tools/),
optimised to the preferred codon usage of E. coli (http://
www.genscript.com/cgi-bin/tools/rare_codon_analysis) and
chemically synthesised by the company (Sangon Biotech,
Shanghai, China).
This journal is © The Royal Society of Chemistry 2018
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Table 1 Plasmids and strains used in this study

Name Relevant characteristics Reference

Plasmids
pACYCDuet-1 P15A origin. CmR. PT7 Novagen
pTrcHis2B ColE1 origin. AmpR. Ptrc Invitrogen
pGH pUC origin. AmpR. PT7 Generay
pTrc-low ColE1 origin. CmR. Ptrc::ERG12–ERG8–ERG19–IDI1 34
pHW1 P15A origin. CmR. PT7::TPS2 This work
pHW2 P15A origin. CmR. PT7::GPPS2–TPS2 This work
pHW3 P15A origin. CmR. PT7::mvaS–mvaE–GPPS2–TPS2 This work

Strains
E. coli BL21(DE3) E. coli B dcm ompT hsdS (rB� mB�) gal Invitrogen
E. coli CIBTS1756 BL21, glmS-pstS::P*L-MKMM-PMKSC-PMDSC-idiSC 35
E. coli DH5a deoR, recA1, endA1, hsdR17 (rk�, mk+), phoA, supE44, l�, thi-1, gyrA96, relA1 Invitrogen
S. cerevisiae Type strain ATCC 204508
HW1 E. coli BL21(DE3) harboring pHW1 This work
HW2 E. coli BL21(DE3) harboring pHW2 This work
HW3 E. coli BL21(DE3) harboring pHW3 This work
HW4 E. coli BL21(DE3) harboring pHW3 and pTrc-low This work
HW5 E. coli CIBTS1756 harboring pHW3 This work
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2.2 Analytical methods

Cell growth was monitored by measuring the optical density at
600 nm (OD600) with a spectrophotometer (Cary 50 UV-Vis,
Varian). All the samples were measured in triple.

Product characterisation was carried out by capillary GC-MS
using an Agilent 5975C system chromatograph with the
following settings; A HP-INNOWAX capillary column (30m� 320
mm � 0.25 mm, Agilent, Palo Alto, CA, USA), with helium as the
carrier gas at a ow rate of 1 mL min�1, the injector temperature
at 260 �C, the ion source temperature at 240 �C, EI 70 eV and the
mass range 35–300m/z. The following oven temperature program
was carried out: 75 �C for 1 min with an increase of 10 �C min�1

until 100 �C was reached, where it was held for 5 min. The
product g-terpinene was quantied by gas chromatography with
a ame ionisation detector and an Agilent HP-INNOWAX (30m�
320 mm � 0.25 mm) column. The oven temperature was initially
held at 75 �C for 1min, with increases of 10 �Cmin�1 until 100 �C
was reached, where it was held for 5min. The temperatures of the
infector and the detector were held at 240 �C and 260 �C,
respectively. A standard curve of known concentrations of g-ter-
pinene (Sigma-Aldrich, USA) was used in the conversion of the
peak area into g-terpinene concentration.

To analyse the translation level perturbation for the engi-
neered strain. The cultured bacterial cells were collected from
the fermentation culture (5 mL) by centrifugation at 12 000 rpm
for 5 min, and then washed with sterile distilled water. The
washed pellets were suspended in 500 mL Tris–HCl buffer (pH
8.0) and subject to ultrasonication. The cell lysates were
centrifuged and the supernatants obtained were mixed with 2�
sodium dodecyl sulfate (SDS) sample buffer, heated at 100 �C
for 5 min and then analyzed by SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE) according to standard protocols.

Intermediate metabolites concentrations in the culture
supernatant were determined using an Agilent 1200 series high-
performance liquid chromatography (HPLC) system equipped
with an Aminex HPX-87H (Bio-Rad, Hercules, CA) column (300
This journal is © The Royal Society of Chemistry 2018
� 7.8 mm). All samples were ltered through 0.22 mm syringe
lter. Ultrapure water with 5 mM H2SO4 was used as the eluent
at a ow rate of 0.5 mL min�1. The oven temperature was
maintained at 25 �C, peaks were detected by a refractive index
detector (RID). Quantitation of the intermediates were per-
formed using an external standards method.
2.3 Culture media and fed-batch conditions

For all cloning and strain pre-culture purposes Luria–Bertani
(LB) medium (10 g L�1 NaCl, 10 g L�1 peptone, 5 g L�1 yeast
extract) with appropriate antibiotics was used. For shake-ask
fermentation, g-terpinene was produced in a 600 mL sealed
bottle with 50 mL of a pre-established fermentation medium
(40 g L�1 glycerol, 5 g L�1 yeast extract, 9.8 g L�1 K2HPO4, 0.3 g
L�1 ferric ammonium citrate, 2.1 g L�1 citric acid monohydrate,
0.1 g L�1 MgSO4, 1 mL L�1 trace element solution).36 For fed-
batch fermentation, g-terpinene was detected from off-gas,
and grown and produced in 2 L of fermentation medium
described above, with ampicillin (100 mg mL�1), chloram-
phenicol (34 mg mL�1). The fed-batch medium consisted of
350 g L�1 glycerol, 5 g L�1 yeast extract, 9.8 g L�1 K2HPO4,
2.1 mg L�1 ferric ammonium citrate and 0.3 g L�1 citric acid
monohydrate. The trace element solution used in both shake-
ask and fed-batch fermentation contained 0.37 g L�1 (NH4)6-
Mo7O24$4H2O, 0.29 g L

�1 ZnSO4$7H2O, 2.47 g L
�1 H3BO3, 0.25 g

L�1 CuSO4$5H2O and 1.58 g L�1 MnCl$4H2O.
2.4 g-Terpinene production in shake-ask and fed-batch
fermentation

The pre-culture was prepared by inoculating a single colony of E.
coli from a freshly grown LB agar plate, into 5 mL of LB media
(with appropriate antibiotics). The choice of antibiotic was
dependent upon the plasmid in the E. coli (Table 1). We use
ampicilin and chloramphenicol in the engineering strains con-
taining the pACYCDuet-1 and pTrc-low plasmid, respectively. The
RSC Adv., 2018, 8, 30851–30859 | 30853
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Fig. 2 g-Terpinene production in the varying E. coli strains. HW1,
HW2, and HW3 strains contained the plasmid pHW1, pHW2, and
pHW3, respectively. HW4 contained two plasmids, pTrc-low and
pHW3. HW5 was the CIBTS1756 strain with the plasmid of pHW3. Each
strain for g-terpinene production was cultured in a shake-flask con-
taining 20 g L�1 glycerol, 5 g L�1 yeast extract, 9.8 g L�1 K2HPO4, 0.3 g
L�1 ferric ammonium citrate, 2.1 g L�1 citric acid monohydrate, 0.1 g
L�1 MgSO4 and 1 mL L�1 trace element solution. Protein production
was inducedwith 0.1 mM IPTG and 100 mgmL�1 ampicillin, 34 mgmL�1

chloramphenicol was added when required.
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culture was le to grow in a shaking bath (IS-RDS3 Incu-Shaker
CRYSTAL, USA) operated at 180 rpm and 37 �C for 10 h. For g-
terpinene production in shake-ask experiments, a rotary shaker
at 180 rpm and at 37 �C was used. A 600 mL sealed bottle con-
taining 50 mL of fermentation medium described above, was
inoculated with 1% pre-culture (with appropriate antibiotics).
The initial pH was adjusted to 6.0. When the OD600 reached 0.6–
0.8, production of g-terpinene was induced by the addition of
isopropy-b-D-thiogalactoside (IPTG) to the nal concentration of
0.1 mM for 24 h. Then, a gas sample were taken from the
headspace of the sealed bottle and analysed by previously
described gas chromatography methods. In particular, cells were
collected for protein analysis at 6 h aer induction.

For g-terpinene fed-batch fermentation, a 250 mL triangle
bottle with 50 mL of the fermentation medium described above
was used and was inoculated with 1% pre-culture. The culture
was grown at 37 �C with shaking (180 rpm) for about 4 h. When
the OD600 reached 0.8–1.0, it was then used to inoculate a 5 L
fermenter (BIOSTAT Bplus MO 5 L, Sartorius, Germany) con-
taining a further 2 L of fermentation medium. When the OD600

reached 20, the production of g-terpinene was induced by the
addition of IPTG to a nal concentration of 0.1 mM. The
temperature was initially maintained at 37 �C, and then reduced
to 30 �C aer induction. The following parameters were main-
tained throughout the production, pH was sustained at 6.0 via
an automated addition of ammonia or 20% H2SO4, the stirring
speed was initially 400 rpm and then linked to the dissolved
oxygen (DO) concentration to maintain a 20% saturation and
the ow velocity of air was controlled at 3 L min�1. During the
course of fermentation, the fed-batch medium described above
was fed into the system at a controlled ow rate of 3%; 1 mL
samples of off-gas and fermentation liquid were taken every 3 h
for gas chromatography analysis and OD600 measurements to
monitor the production of g-terpinene and the growth of the
bacterium, respectively.

3. Results and discussion
3.1 The effect of different strains

In order to conrm that the observed difference in g-terpinene
production was indeed related to the heterogeneous expression of
the TPS2 gene, a number of strains were constructed in this study
(Table 1). We used the amino acid sequence of the TPS2 gene from
T. vulgaris to optimise the gene for the preferred codon usage of E.
coli and had the gene synthesised by Sangon Biotech (Shanghai,
China). Initial testing of the pACYC–TPS2 plasmid (pHW1) in the
E. coli strain BL21 (DE3) for the production of g-terpinene only
yielded trace amounts with theMEP pathway. In order to begin the
improvement of the production of g-terpinene, the GPPS2 gene
from A. grandis was added into the plasmid to improve the effi-
ciency of the conversion of DMAPP to GPP and generate the
plasmid pACYC–GPPS2–TPS2 (pHW2) and to form the strain HW2.
Following on from this strain, the mvaE and mvaS genes from E.
faecalis were added to form pACYC–mvaE–mvaS–GPPS2–TPS2
(pHW3) and to build the strain HW3. HW3 resulted in a 2-fold
increase in the production of g-terpinene when compared with the
previous strain, HW2. Subsequently, to generate HW4, the
30854 | RSC Adv., 2018, 8, 30851–30859
plasmids pHW3 and pTrc-low34 which contains the MVA pathway
genes ERG12, ERG8, ERG19, and IDI1 from Saccharomyces cerevisiae
were used. The yield of the HW4 strain increased signicantly,
with it being 15 times higher than that of the HW3 strain. Finally,
the E. coli strain CIBTS1756 (ref. 35) was transformed with pHW3
to construct the nal strain, HW5. As illustrated in Fig. 2, the
production of g-terpinene in HW4 and HW5 was clearly higher
than that of the other strains HW1, HW2, and HW3. Furthermore,
the HW4 strain, which also contained the plasmid pTrc-low,
increased the production of g-terpinene more than 15-fold
comparedwithHW3. The pTrc-low plasmid had low stability in the
HW4 strain, therefore to avoid the loss of the pTrc-low plasmid
and to also reduce the use of the antibiotics, we integrated the
pTrc-low plasmid into the E. coli chromosome of the HW5 strain.
This integrated strain resulted in a 9.0% increase in g-terpinene
production compared to the previous strains.
3.2 The effect of different carbon sources

Carbon is the main feedstock in most fermentation media and
is known to be quite inuential in the process, therefore nding
an efficient, as well as relatively sustainable carbon source for
the production of g-terpinene was crucial.37 In this study, we
investigated the use of 40 g L�1 glycerol (C3H8O3) or 20 g L�1

glucose (C6H12O6) to culture the strain HW5. Previously, it was
been established that the conversion of glycerol to acetoacetyl-
CoA is different from that of glucose, with both generating
a number of acidic products such as formate, lactate, and
acetate during fermentation leading to changes in the pH of the
fermentation media.36,38 Therefore, further study to develop
a better understanding of the effects of the different carbon
sources on the pH during the production of g-terpinene was
This journal is © The Royal Society of Chemistry 2018
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required. The effects of the different carbon sources on the pH
of the media are shown in Fig. 3A.

At pH 6.0, the production of g-terpinene with glycerol as the
carbon source during fermentation yielded 3.26 � 0.02 mg L�1

a 3.64-fold increase on that yielded by fermentation with glucose
as the carbon source. However, at pH 7.5, the production of g-
terpinene with glucose as the carbon source during fermentation
yielded 1.13 � 0.01 mg L�1, 3.03-fold higher than that produced
with glycerol as the carbon source under the same conditions.
These results indicate that the use of glycerol during fermenta-
tion is more suitable at the lower pH when compared to glucose
and therefore was used in future work. These results clearly
highlight the different effects of using glycerol or glucose as the
sole carbon source during fermentation.
3.3 The effect of Mg2+

Divalent cations especially magnesium ions are necessary for
supporting catalysis of the g-terpinene synthetase and for also
activating several glycolytic enzymes. The appropriate concen-
tration of magnesium is highly important in the activity of the
enzyme. In this case, Mg2+ is needed to ensure the conversion of
sugar to g-terpinene during the fermentation process.28,39,40

Moreover, Mg2+ is essential to both physiological and
biochemical functions in microorganisms, including growth,
cell division, synthesis of essential fatty acids, regulation of
cellular ionic levels, and maintaining membrane integrity and
permeability.41 To investigate the inuence of varying concen-
trations of Mg2+ on the production of g-terpinene, various
concentrations of Mg2+ were added into the fermentation
medium. As shown in Fig. 3B, the production of g-terpinene was
inversely proportional to the Mg concentration, with decreasing
yield with increasing concentrations of Mg2+. The most suitable
concentration of Mg2+ in the production of g-terpinene was
70 mg L�1. However, this concentration of Mg2+ was less than
what has been established previously. This may be due to
having an effect on the fermentation media pH, rather than just
affecting microbial cell growth and the activity of the enzymes.42
Fig. 3 Effects of fermentation source and culture conditions on g-
terpinene production. (A) The effect of varying carbon sources, glyc-
erol and glucose, on both pH and g-terpinene production in the strain
HW5. (B) The effect of varying concentration of magnesium. (C) The
effect of the concentration of IPTG on g-terpinene production. When
the OD600 of the culture reached 0.6–0.8, the fermentation broth was
induced for 24 h using varying concentrations of IPTG in a shake-flask.
3.4 The effect of IPTG

Various concentrations of IPTG (0.05 mM, 0.1 mM, 0.2 mM,
0.3 mM, and 0.4 mM) were added into the fermentation media,
to develop the most efficient induction of g-terpinene produc-
tion. Once the OD600 reached 0.6–0.8, the culture temperature
was decreased from 37 �C to 30 �C and incubated for 24 h. A gas
sample from the headspace of the sealed cultures was then used
in quantication. The induction of g-terpinene production at
the various concentrations of IPTG is shown at Fig. 3C. We
found that at low concentrations of IPTG, HW5 was most effi-
cient at producing g-terpinene, with a yield of 5.13 mg L�1 with
an optimised IPTG concentration of 0.1 mM. However, it is
known that induction with IPTG can have an impact on the cell
biomass, expression yields, as well as affecting plasmid
stability,43,44 therefore future work should focus on using
a different inducer to lower the stress response of the cell.45
This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 30851–30859 | 30855
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Fig. 4 The growth of strain HW5 in LB medium with different
concentration of commercially available g-terpinene. The growth
(OD600) was monitored every 3 h for 36 h. Concentrations of g-ter-
pinene were added to the LB medium as follows: 0 g L�1 (-), 0.5 g L�1

(C), 1 g L�1 (:), 2.5 g L�1 (;) and 5 g L�1 (=).
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3.5 Toxicity of commercial g-terpinene to E. coli

Throughout the induction and subsequent production of g-
terpinene, as its concentration increased, an effect on the
growth of the E. coli production strain was noted. In order to
understand the effect of the concentration of g-terpinene on the
E. coli production strain further, we measured the OD600 every
3 h for 36 h in 50 mL of LB medium in sealed shake-ask
bottles, with various concentrations of commercially available
g-terpinene (0.5 g L�1, 1 g L�1, 2.5 g L�1, and 5 g L�1). As seen in
Fig. 4, HW5 was found to growmore slowly at the 2.5 and 5 g L�1
Fig. 5 The effect of glycerol concentration on g-terpinene production.

30856 | RSC Adv., 2018, 8, 30851–30859
concentrations of commercially available g-terpinene, with an
inhibition rate (IR) at the 12th hour of growth of 74.9% and
78.3%, respectively. These results indicate that g-terpinene has
the ability to slow down and even inhibit the growth of HW5.
Therefore, the toxicity caused by the presence of g-terpinene, at
various concentrations on the E. coli production strain is a key
factor to address in the future to ensure efficient production.

The toxicity of overexpressed proteins has attracted much
research attention recently, with it having a major effect on the
host biomass as well as the production of certain biochemi-
cals.33,46,47 Research has focussed on increasing product toler-
ance in the host microbe by understanding membrane uidity
and function,48,49 the function of efflux pumps50,51 and the
signicance of changed expression of particular genes of those
strains that are more tolerant of protein production.52

Furthermore, it may be a better strategy to improve the hydro-
carbon biofuels tolerance in the microbial host.53
3.6 Fermentation for g-terpinene production in both shake-
ask and fed-batch cultures

The optimised carbon source, the Mg2+ concentration IPTG and
pH culture conditions yielded 5.13 mg L�1 of g-terpinene.
Following on from this, we attempted to control the concentra-
tion of glycerol in the fed-batch fermentation (0, 20, 40, 80 and
100 g L�1) to possibly improve the production of g-terpinene even
more so. As we hypothesised, the concentration of glycerol in the
culture, had a large effect on the yield, increasing the production
of g-terpinene to 19.42 mg L�1 with 100 g L�1 glycerol (Fig. 5).
Due to the positive results obtained in fed-batch fermentation, we
performed scaled-up experiments. In a 5 L fermenter with
a working volume of 2 L in batch mode, fed-batch medium
This journal is © The Royal Society of Chemistry 2018
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(containing glycerol) was continuously added at a 3% ow rate
once protein production was induced with 0.1 mM IPTG, at an
OD600 of 20. The changes in biomass and g-terpinene production
over the course of fermentation are shown in Fig. 6. Aer 3 days
of fermentation, the 2 L culture reached an OD600 of 100, with an
accumulated g-terpinene yield of 275.41 mg L�1.

The HW5 strain enables the microbial synthesis of g-terpi-
nene, but future work should focus on how to modify the
metabolism further and/or improve extraction technologies to
get higher production. For example, formate is the main by-
product of g-terpinene glycerol fermentation, therefore if we
were to knockout the p gene, we would then allow the meta-
bolic ux to favour acetyl-CoA production, meaning less toxic
products.35 Also, the yield was found to be proportional to the
concentration of glycerol in the fed media, however, the low
conversion efficiency of this as the carbon source during the
fermentation process was hard to overcome. In future work, it
may possible that the glycerol conversion efficiency could be
increased with the presence of additional genes in the system
including sldAB, gldA, dhaKLM, glpK, and glpD.54–57 Furthermore,
further study of glycerol-tolerant strains is needed to improve
the balance of glycerol fermentation and yield or protein.58

Finally, the extraction methods used in the isolation of g-ter-
pinene may be altered to include dodecane or poly-a-olen in
situ extraction technology to improve the yield of g-terpinene in
fermentation production.59,60
3.7 Translation level analysis with SDS-PAGE

In order to more depth analysis of the perturbation of the
engineered strain to provide data for further improvement in
the efficiency of our engineered strain for the production of g-
terpinene. SDS-PAGE was chosen to analyze the strain at the
protein level. As shown in Fig. 7, the proteins TPS2 (63.3 kDa),
GPPS2 (41.3 kDa), mvaE (87.5 kDa), mvaS (43.4 kDa), ERG12
(48.4 kDa), ERG8 (50.5 kDa), ERG19 (44.0 kDa) and IDI1 (33.4
Fig. 6 A time course of g-terpinene production in the strain HW5 in
fed-batch fermentation. A 5 L fermenter containing 2 L of fermenta-
tion medium was used, and the temperature was maintained at 37 �C.
Once the culture reached an OD600 of 20, protein expression was
induced with 0.1 mM IPTG and the temperature was changed to 30 �C.
From this process, 275.41 mg L�1 of g-terpinene was produced.

This journal is © The Royal Society of Chemistry 2018
kDa) were successfully expressed. The results indicated that the
expression levels of four proteins (ERG12, ERG8, ERG19 and
IDI1) in the MVA downstream pathway were relatively high in
the HW5 strain. However, protein expression levels of GPPS2
and TPS2 were found to be relatively low. It is known that the
high expression of GPPS2 and TPS2 proteins is needed for the
efficient production of C10 compound g-terpinene.61 Therefore,
future experiments will focus on optimizing the GPPS2 and
TPS2 genes to increase the efficiency of the strain for the
production of g-terpinene.

3.8 Analysis of intermediate metabolites

The monitoring of intermediate metabolites is helpful in
further engineering of the engineered strains. In this study, the
metabolites of all the engineered strains were detected by
HPLC. As shown in Table 2, succinic, lactic, acetic, mevalonic
and butanediol were the main by-products. The results indi-
cated that GPPS2 gene in the strain HW2 could cause the
increment of lactic and butanediol compared to the strain HW1,
Fig. 7 SDS-PAGE analysis of protein products. M: the protein marker;
CK: negative control BL21 (DE3) with pACYCDuet1; HW5: CIBTS1756
with pACYC–mvaE–mvaS–GPPS2–TPS2.

RSC Adv., 2018, 8, 30851–30859 | 30857
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Table 2 Analysis of intermediate metabolites

Succinic acid (mg L�1) Lactic (mg L�1) Acetic (mg L�1) Mevalonate (mg L�1) Butanediol (mg L�1)

HW1 437.01 � 6.62 400.67 � 12.09 889.54 � 35.16 125.23 � 2.63 4.11 � 0.35
HW2 397.18 � 27.09 765.06 � 46.66 629.55 � 84.91 122.58 � 3.41 9.25 � 6.16
HW3 324.47 � 17.13 847.58 � 47.62 316.58 � 10.56 603.95 � 22.44 6.46 � 2.03
HW4 11.57 � 0.48 0.00 � 0.00 479.63 � 20.14 119.38 � 10.32 36.30 � 1.80
HW5 63.00 � 16.93 0.00 � 0.00 909.37 � 36.48 119.60 � 2.53 51.25 � 1.57
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which might cause by carbon owing to the anaerobic respira-
tory chain. When the two upstream genes (mvaE andmvaS) were
introduced into the strain HW2 to form the strain HW3. The
mevalonate produced by strain HW3 was nearly ve times more
than that of strain HW2. The accumulation of mevalonate
showed that the two genes are able to play a crucial role in the
MVA pathway. Subsequently, the downstream genes of MVA
pathway (ERG12, ERG8, ERG19 and IDI1) enhanced (HW4) to
convert the accumulated mevalonate into g-terpinene. Finally,
to make the strain more stabile and reduce the use of antibi-
otics, the four downstream genes were integrated into the E. coli
chromosomes (HW5). As shown in Table 2, the accumulation of
mevalonate was decreased, meanwhile the butanediol increase
notably. Butanediol is a reductive by-product, which indicated
that the MVA pathway is more energetically friendly. Just like
the production of isoprene in E. coli through MVA pathway,
redundant NAD(P)H might accumulate in the cell, which might
cause metabolic disturbance to the host.62 Therefore, how to
equilibrate the redox balance in E. coli is vitally for further
engineering of the engineered strain.
4. Conclusions

In summary, we have demonstrated the feasibility of
producing g-terpinene in metabolically engineered E. coli in
fermentation conditions using glycerol as a carbon source. In
this study, g-terpinene was successfully produced by assem-
bling a biosynthetic pathway using the methylerythritol 4-
phosphate or heterologous MVA pathway and by combining
the GPPS2 gene and TPS2 gene in E. coli. Subsequently, the
culture medium and process conditions were optimised to
further enhance the titre of g-terpinene production, yielding
19.42 mg L�1. Finally, we also evaluated the fed-batch
fermentation of g-terpinene using the optimised culture
medium and process conditions, which successfully, when
scaled up, reached a total production of 275.1 mg L�1 of g-
terpinene, 1.9 mmol mol�1 glycerol to g-terpinene. This study
has provided a sustainable strategy to produce g-terpinene
using glycerol as carbon source and has laid the foundation for
future industrial production of monoterpenes with glycerol
fermentation platforms.
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