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Abstract

Isoprene is a useful phytochemical with high commercial values in many industrial applications including synthetic rubber,
elastomers, isoprenoid medicines, and fossil fuel. Currently, isoprene is on large scale produced from petrochemical sources. An
efficient biological process for isoprene production utilizing renewable feedstocks would be an important direction of research
due to the fossil raw material depletion and air pollution. In this study, we introduced the mevalonate (MVA) pathway genes/
acetoacetyl-coenzyme A thiolase (mvaFE) and MVA synthase (mvasS) from Enterococcus faecalis (E. faecalis); MVA kinase (mvk)
derived from Methanosarcina mazei (M. mazei); and phosphomevalonate kinase (pmk), diphosphomevalonate decarboxylase
(mvaD), and isopentenyl diphosphate isomerase (idi) from Streptococcus pneumoniae (S. pneumoniae) to accelerate
dimethylallyl diphosphate (DMAPP) accumulation in Escherichia coli (E. coli). Together with a codon-optimized isoprene
synthase (ispS) from Populus alba (P. alba), E. coli strain succeeded in formation of isoprene. We then manipulated the
heterologous MVA pathway for high-level production of isoprene, by controlling the gene expression levels of the MVA pathway
genes. We engineered four E. coli strains which showed different gene expression levels and different isoprene productivities, and
we also characterized them with quantitative real-time PCR and metabolite analysis. To further improve the isoprene titers and
release the toxicity to cells, we developed the extraction fermentation by adding dodecane in cultures. Finally, strain
BL2T7P1TrcP harboring balanced gene expression system produced 587 +47 mg/L isoprene, with a 5.2-fold titer improvement
in comparison with strain BL7CT7P. This work indicated that a balanced metabolic flux played a significant role to improve the
isoprene production via MVA pathway.
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Introduction

Isoprene (2-methyl-1, 3-butadiene) can be utilized as a plat-
form chemical for production of high-value bio-based
chemicals, such as the polymer building block of synthetic

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00253-018-9472-9) contains supplementary
material, which is available to authorized users.

< Li-Hai Fan
fanlh @mail.buct.edu.cn

>< Tian-Wei Tan
twtan @mail.buct.edu.cn

Chun-Li Liu
liuchunli201774@126.com

Hao-Ran Bi
bhr0720@163.com

rubber, elastomers, and isoprenoid medicines. It is also a fossil
fuel alternative since the inherent fuel properties of isoprene
promote its chemical conversion to a transportation fuel addi-
tive to C10 and C15 hydrocarbon fuels (Xue and Ahring
2011). Currently, isoprene used in industrial applications is
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petroleum derived, or chemically synthesized. In nature, a
large amount of isoprene is synthesized by green plants, fungi,
bacteria, and green algae (Sharkey and Yeh 2001; Kuzma
et al. 1995; Sanchez et al. 1991). Recently, growing research
efforts have focused on bio-production of isoprene using mi-
crobial cells, especially E. coli, an important model organism
in biological engineering and industrial microbiology.

Two metabolic pathways are known to synthesize isoprene:
the 2C-methyl-D-erythritol 4-phosphate (MEP) pathway and
the MVA pathway. MEP pathway starts with the condensation
of pyruvate and D-glyceraldehyde 3-phosphate (G3P) to yield
1-deoxy-D-xylulose 5-phosphate (DXP), followed by intra-
molecular rearrangement and reduction. The MVA pathway
consists of the condensation of three molecules of initial sub-
strate acetyl-coenzyme A to MVA and other phosphorylations
(Eisenreich et al. 2004; Rohmer 1999). In the previous study,
the isoprene production was quite low (<20 mg/L) when the
native MEP pathway was employed in E. coli (Liu et al. 2014;
Liu et al. 2015). In contrast, isoprene titer was 52 mg/L with a
MVA pathway derived from Saccharomyces cerevisiae
(S. cerevisiae) (Yang et al. 2012), which could even get a
3.5-fold increase after optimization of the MVA gene sources
(Yang et al. 2016).

We thus assumed that the optimal selection of genes
should be one of the factors that might improve isoprene
production when applying the MVA pathway. It has been
proven that the lower MVA pathway genes (mvk, pmk,
mvaDi, and Idi) responsible for supplying isopentenyl di-
phosphate (IPP)/dimethylallyl diphosphate (DMAPP) from
S. pneumoniae could accumulate higher CoQ10 (Zahiri
et al. 2006), lycopene (Yoon et al. 2006), and (3-carotene
(Yoon et al. 2009) than other homologs from
Staphylococcus aureus (S. aureus), Streptococcus pyogenes
(S. pyogenes), S. pneumoniae, E. faecalis, or S. cerevisiae.
The top portion genes (mvaE and mvaS) of MVA pathway
from E. faecalis were found to have advantages in supplying
MVA from acetyl-CoA (Yoon et al. 2009). Primak et al.
reported that the mvk protein, which was usually feedback
regulated by DMAPP and diphosphomevalonate (MVAPP),
played an important regulatory role in biosynthesis of the
MVA pathway-derived compounds. Interestingly, the mvk
gene from M. mazei showed the ability to bypass this inhi-
bition (Primak et al. 2011). In addition, gene ispS from
P. alba exhibited the highest activity when compared with
those from P. nigra and P. tremula (Yang et al. 2012).0On the
other hand, it has been reported that biosynthesis of terpe-
noid compounds through MVA pathway casily suffered
from the metabolic flux imbalance, leading to accumulation
of toxic metabolites, such as 3-hydroxy-3-methyl glutaryl
coenzyme A (HMG-CoA) and IPP/DMAPP (Alonso-
Gutierrez et al. 2015; Pitera et al. 2007). Similarly, keeping
balance of the carbon flux through the MVA pathway thus
may be crucial in high-level production of isoprene.
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In this study, we firstly constructed a heterologous MVA
pathway in E. coli by introducing the above specific set of
genes as they had advantages in terms of high activities or
productivity of other terpenoids. Then, based on the analysis
between the initial functional strain BL7CT7P of the MVA
pathway and the control strain, we designed another three
constructs to achieve different gene expression levels by alter-
ing the gene expression cassettes, plasmid copy numbers, and
promoters. We performed the manipulation of the gene ex-
pression levels of the MVA pathway for high-level production
of isoprene. Finally, to further increase isoprene production,
we developed the extraction fermentation and optimized the
induction concentration and time using M9 medium with
10 g/L glucose.

Materials and methods
Strains, medium, and reagent

E. coli TOP10and E. coli BL21 (DE3) were used for cloning
procedures and gene expression, respectively. LB medium
(yeast extract 5 g/L, tryptone 10 g/L, NaCl 10 g/L) was used
for gene cloning and the seed culture. M9 medium described
previously (Liu et al. 2015) was prepared for isoprene produc-
tion. Ampicillin (100 mg/L), Kanamycin (50 mg/L), and
chloramphenicol (30 mg/L) were supplemented into the me-
dium as needed. The restriction enzymes were purchased from
NEB and Takara; T4 ligase and Gibson Assembly® Master
Mix kit were purchased from NEB; DNA polymerase Phusion
was purchased from Thermo Fisher Scientific. PUCE-ispS
containing the ispS coding region from P. alba (GenBank
No. AB198180) which has been used before (Liu et al.
2014; Liu et al. 2015) was synthetized by Beijing Ying Mao
Sheng Ye Biotechnology Company. The genome DNA of
S. pneumoniae CMCC 31001 was purchased from the
National Center for Medical Culture Collections. Strain
E. faecalis CGMCC 1.15424 was purchased from the China
General Microbiological Culture Collection Center. The gene
mvk from M. mazei was cloned by PCR amplification with the
metagenomics of anaerobic active sludge which was rich in
methane-producing bacteria M. mazei as the template (D1’az
et al. 20006).

Construction plasmids for the MVA pathway

The illustrated maps of the constructed plasmids were shown
in Fig. 1b. The chemically synthesized ispS gene without the
sequence for chloroplast transit peptide was cloned into
pETDuet-1 using Ncol and Xhol, yielding plasmid pET-ispS.
Gene encoding mvaE (GenBank no. AAG02439.1) and mvaS
(GenBank no. AAG02438.1) amplified from E. faecalis
CGMCC 1.15424 genome were respectively cloned into one
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Fig. 1 The MVA pathway and the MEP pathway for isoprene production
in E. coli. a lllustration of the two pathways leading to the formation of
isoprene. Genes overexpressed are indicated in red. b Construction of the

MCS using Bg/ll and X#hol, and another MCS using BamHI
and Sall, yielding plasmid pRSF-mvaE-mvaS. Gene idi from
S. pneumoniae CMCC 31001 genome (GenBank no.
ABJ54064.1) was cloned into the second MCS location of
plasmid pRSFduet-1 using Ndel and Xhol. The gene cassettes

isoprene production strains overexpressing the genes of the MVA
pathway with two plasmids

T7-idi and T7-ispS were transferred to pRSF-mvaE-mvaS
using their respective enzyme site Xbal and Sphl to yield
plasmid pRSF4T7P, keeping one gene for one Pr; promoter.
For plasmid pACYC3T7P, mvk gene from M. mazei genome
(GenBank no. AAM31458.1) and pmk gene from
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S. pneumoniae CMCC 31001 genome (GenBank no.
ABJ55414.1) were respectively digested with two enzymes
EcoRI and Nofl, and single enzyme Fsel, and then cloned
on the two MCSs of pACYCDuet-1 to obtain T7-mvk-T7-
pmk. Gene mvaD (GenBank no. WP_000373458.1) was
cloned into pACY CDuet-1 using BamHI and NofI to construct
plasmid pACYC-mvk. We then constructed plasmid
pACYC3T7P by transferring T7-mvk-T7-pmk to the plasmid
pACYC-mvk using Nhel. For plasmid pRSF2T7P, we initially
used a commercial Gibson Assembly® Master Mix kit (New
England Biolabs) to assemble the PCR fragments of vector
pRSF-idi, gene mvaE and mvaS. Sequentially, we inserted
ispS gene behind the second Pr; promoter between the sites
of BamHI and Ncol to get plasmid pRSF2T7P. The PCR frag-
ments of vector pTrc99A, mvk, pmk, and mvaD were assem-
bled using the Gibson Assembly® Master Mix kit to get plas-
mid pTrcMPD. Plasmid Ap7C-ESMPDI was constructed by
assembling the PCR fragments of vector pBbA7C, mvakFE,
mvas, mvk-pmk-mvaD, and idi.

All the primers of the genes, and all the plasmids and
strains used in this study are listed in supplementary
Table S1 and Table 1, respectively.

The extraction fermentation

Due to the high vapor pressure of isoprene, the 20-mL sealed
vials of headspace sample injector were used to culture strains
for their advantages of detection with gas chromatography
mass-spectrometry (GC-MS). Colonies of strain BL7CT7P,
BL5CT7P, BL2T7P1TrcP, and BL2T7P on plates were respec-
tively picked up into 4-mL LB medium and cultured at 37 °C
for overnight. The seed cultures were diluted 1:100 into 1 mL
M9 medium in the 20-mL sealed vials and shaken at 37 °C
at200 r.p.m. Until ODgqq of the culture reached to 0.6, 0.8 mM

isopropyl (3-d-1-thiogalactopyranoside (IPTG) and 20%
dodecane (v/v) as overlay for trapping isoprene were supple-
mented into the cultures. Then, they were incubated at 30 °C to
accumulate isoprene for 44 h with shaking at 200 r.p.m.

Detection isoprene by GC-MS

Isoprene production detection was operated by suctioning
1 mL of gas sample from the headspace of the sealed cultures
with the headspace auto-injector. The gas was analyzed as
described earlier (Julsing et al. 2007), using a GC-MS
(Thermo Fisher, Trace ISQ America) equipped with an elec-
tron impact (EI) detector and a TG-WAXMS column (30 m x
0.25 mm, 0.25 pum film thickness). The conditions were set as
follows: inlet at 200 °C, 1.1 mL min ! constant flow of the
nitrogen carrier gas, transfer line at 300 °C, ion source at
250 °C, scan m/z 50-300. The following oven temperature
programs were carried out: the initial temperature was 40 °C
for 1 min, then increased to 200 °C at 15 °C min ' rate, and
finally held for 1 min. The injector was maintained at 220 °C.
The samples were incubated at 60 °C for 10 min, shaken for
10 s, and stirred 10 s before injection with the headspace
needle of 70 °C. The sample drawn was 1 mL and split in
the column with a ratio of 1/50. The product was quantified by
direct comparison with standard isoprene (Sigma) dissolved in
dodecane overlaying on water. The peak area was converted to
isoprene concentration (mg isoprene /L broth) by comparing
with a standard curve plotted with a set of known concentra-
tions of isoprene.

Quantification of acetic acid and glucose

At the cultivated time points 4 h, 14 h, 24 h, 36 h, and 48 h, the
cell culture aliquots were collected during fermentation for

Table 1 Plasmids and strains

used in this study Plasmids Relevant genotype Reference
pRSF-idi RSF ori, KanR, pRSFDuet-1-idi Liu et al. (2015)
pRSF4T7P RSF ori, KanR, pRSFduet-T7-mvaE-T7-mvaS-T7-idi-T7-ispS, This study
pACYC3T7P p15A ori, CmR, pACYC-T7-mvk-T7-pmk-T7-mvaD This study
pRSF2T7P RSF ori, KanR, pRSFduet-T7-mvaE-mvaS-idi-T7-ispS This study
pTrcMPD ColE1(pBR322) ori, AmpR, ptrc99A-mvk-pmk-mvaD This study
Ap7C-ESMPDI p15A ori, CmR, pACYC-T7-mvaE-mvaS-mvk-pmk-mvaD-idi This study
pET-ispS ColE1(pBR322) ori, AmpR, pETDuet-ispS This study
Strains Description Reference
BL21 (DE3) F-dem ompT hsdS(rBmB) gal As Novagen
Control BL21 (DE3), pRSFDuet-1 + pTrc99A This study
BL7CT7P BL21 (DE3), pRSF4T7P + pACYC3T7P This study
BL5CT7P BL21 (DE3), pRSF2T7P + pACYC3T7P This study
BL2T7P1TrcP BL21 (DE3), pRSF2T7P + pTrcMPD This study
BL2T7P BL21 (DE3), Ap7C-ESMPDI + pET-ispS This study
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ODgq detection and sample preparation of detecting glucose
and acetic acid. The concentrations of glucose and acetic acid
in the culture supernatant were measured by HPLC using a
refractive index detector (RID) equipped with an Aminex
HPX-87H 300 x 7.8 column (25 cm, 0.4 cm i.d., Bio-Rad,
USA) on an UltiMate 3000 HPLC system (Dionex, USA).
Every 1.5 mL culture was sampled; of that, 200 uL was used
for ODg(g detection. About 1.3 mL culture supernatant was
filtered through a spin-cartridge with a 0.45-um nylon mem-
brane, and 5 pL of the filtrate was eluted through the column
at 50 °C and a flow rate of 0.6 mL/min with 5 mM H,SO, as
eluent for 25 min. Glucose and acetate were quantified by
external standard calibration with authentic standards.

RNA isolation and real-time quantitative PCR (qPCR)
analysis

An RNAprep Pure Cell/Bacteria Kit (TianGen) was used to
isolate RNA from the IPTG-induced bacterial cells of
BL7CT7P, BLSCT7P, BL2T7P1TrcP, and BL2T7 after being
cultured forl4 h. The total RNA concentrations were mea-
sured using a ScanDrop (Analytik Jena), and cDNA was syn-
thesized with the FastQuant RT Super Mix (TianGen) using
reverse transcriptase and the abovementioned commensurable
RNA as template. To quantify the relative mRNA levels of
gene mvaE, mvaS, mvk, pmk, mvaD, idi, and ispS, we de-
signed primers for every gene to perform qPCR. The reverse
transcription-synthesized cDNA was used as the template to
quantify the relative copies of mRNA. The housekeeping
glyceraldehyde-3-phosphate dehydrogenase (gapdh) gene
was used as an internal reference to eliminate differences be-
tween samples. All the primers used in this qPCR are listed in
Table S1. The qPCR reactions were performed with 2 puL of
c¢DNA product in a 20-uL reaction system using Talent gPCR
premix (Sybr Green) kit (TianGen) in the real-time Analytik
Jena fluorescence PCR instrument. The PCR parameters were
1 cycle of 95 °C for 3 min, followed by 40 cycles of 95 °C for
5's, 50 °C for 10 s, and 72 °C for 15 s. Every sample was
measured in triplicate, and the results reported herein were the
averages of the replicates.

Sample preparation and quantification
of metabolites

At 14 h, 24 h, and 36 h time points, cell cultures were sampled
and centrifuged in order to determine the intracellular levels of
MVA, MVAP, MVAPP, and IPP/DMAPP. All the collected
cell pellets after centrifugation were lysed and quenched with
250 pLL methanol on ice, then 250 uL of water was added into
the methanol lysate and mixed thoroughly. The supernatant
was collected into a 3000 Da MW/CO centrifuge filter tube
after centrifuging the methanol/water lysate for 3 min and a
further centrifugation for 90 min at 13,000xg, 4 °C. Then,

0.5 mL water was added into the resulting filtrate, and frozen
with liquid nitrogen. Finally, we lyophilized them for 1-2 days
until to dry, and reconstituted in 90 pL 60% acetonitrile.

The extracted cellular metabolites were determined using
liquid chromatography-mass spectrometry (LC-MS). The
HPLC system consisted of a surveyor quaternary gradient
pump, a vacuum degasser, a column temperature controller,
and an auto-sampler (Shimadzu, LC-20AD). A HSS T3 col-
umn (1.7 wm, 100 x 2.1 mm) with the temperature maintained
at 40 °C was used. The intermediates of the MVA pathway
were separated by a linear gradient between solution A
(0.05%NH; H,O, 2 mM ammonium acetate) and solution B
(acetonitrile). The gradient was as follows: 0—2 min, 100% A,
2-3 min, 100% B; 3—6 min, 100% A; equilibration with 100%
A. The total analysis time, including the equilibration, was
6 min for each analysis (Liu et al. 2015; Henneman et al.
2008). LC-MS analysis was performed on an AB Sciex
5500 Q-Trap triple quadrupole MS system. The operation
parameters were as follows: declustering potential is —
100.0 V; entrance potential is — 10 V; ionization temperature
is 580 °C. Curtain gas was set at 30 psi, collision gas at me-
dium, and IonSpray voltage set to —4500 V.

Results

Functional construction of a MVA pathway
for isoprene production

Here, we employed the genes of mvaE and mvaS from
E. faecalis, mvk from M. mazei, pmk, mvaD, and idi from
S. pneumoniae CMCC 31001, and ispS from P. alba to con-
struct a heterologous MVA pathway in E. coli, allowing bio-
synthesis of the universal precursors IPP/DMAPP of isopren-
oid compounds from acetyl-CoA to enhance isoprene
production(Fig. 1a). These seven genes were inserted into
two plasmids pRSFDuet-1 and pACYCDuet-1 that could be
used in combination (Fig. 1b). We first put each gene under
control of an individual P, promoter in strain BL7CT7P in
order to maximize the gene expression levels.

To test whether this arrangement was able to result ineffi-
cient isoprene production, we performed the isoprene produc-
tion using strain BL7CT7P and the control strain harboring
empty plasmids. We added 0.8 mM IPTG into the cultures
when ODg reached to 0.6. We monitored isoprene titer, cell
growth, and the intracellular metabolite levels of the MVA
pathway in BL7CT7P, and then compared them with those
of the control strain. As shown in Table 2, 55.4 mg/L of iso-
prene was generated by BL7CT7P, but ODygg of the
engineered cells was much lower than the control strain. The
metabolites of MVA pathway in BL7CT7P were accumulated,
especially the toxic IPP/DMAPP were 139-fold higher com-
pared to the control. We suspected that the high-level
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Table 2 Comparison of MVA

pathway metabolites between Strain ODg00 Isoprene titer (mg/L)  Relative levels (peak area)
control and BL7CT7P strain
MVA MVAP MVAPP IPP/
DMAPP
Control 943+0.99 n.d. n. d. n. d. n. d. 8.14 x 10*
BL7CT7P 19+043 554+13 137x107  4.66x10° 1.07x10° 1.13x10’

expression of the MVA pathway genes probably resulted in a
heavy burden to E. coli and caused an imbalance of the met-
abolic flux to isoprene in this functional strain BL7CT7P.

Strategies for controlling the expression levels
of genes involved in MVA pathway

In previous studies on terpenoid production (Alonso-
Gutierrez et al. 2015; Kevin et al. 2014; Redding-Johanson
etal. 2011), it has been found that the expression levels of the
pathway genes had a great influence on the production of
terpenes. Therefore, we hypothesized that manipulation of
the gene expression levels might be able to reduce the burden
to cells, balance the carbon flux, and also increase the isoprene
titer. Therefore, we subsequently tried different plasmid cop-
ies, gene expression cassettes, and promoters for expression of
the MVA pathway genes in E. coli BL21 (DE3). However,
ispS gene is always controlled by an independent P, promot-
er, leaving the carbon flux as much as possible to the target
product of isoprene.

Briefly, we first decreased the gene expression cassettes on
the high copy number (> 100) plasmid pRSF4T7P by co-
expressing mvaE, mvasS, and idi within a single polycistron
under control of a shared Pr; promoter, resulting in strain
BLSCT7P. Then, we further decreased the gene expression
cassettes by co-expressing mvk, pmk, and mvaD in a
polycistron which was driven by aPr,. promoter. On the other
hand, the medium copy number (~40) plasmid of pTrcMPD
was used; otherwise the expression levels of mvk, pmk, and
mvaD genes might be too low under the control of Py pro-
moter, generating strain BL2T7P1TrcP. Next, we reduced the
gene expression cassettes to two and integrated the six
DMAPP-forming genes under the control of a shared P,
promoter onto plasmid Ap7C-ESMPDI, which has a compa-
rable low copy number (~ 12) of pI15A origin of replication,
obtaining strain BL2T7P (Fig. 1b).

Characterization of the manipulations using
extraction fermentation

High concentration of isoprene is toxic to E. coli cells during
fermentation (Whited et al. 2010), and also makes the GC-MS
peak irregular and the standard curve nonlinear which leads to
inaccurate quantification. However, according to our
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experience, dilution of the samples will lead isoprene com-
pound running off and inaccurate detection because of its
strong evaporation. We previously performed the isoprene
fermentation in a sealed flask and detected it with solid-
phase micro-extraction (SPME)-GC or GC-MS connected
with headspace injector (Liu et al. 2014; Liu et al. 2015),
leading to the isoprene concentrations both in culture and in
the limited headspace comparably high. To address these
problems, we introduced an organic layer between culture
and headspace to employ the extraction fermentation by
adding 20% dodecane during fermentation. We compared
the two fermentation methods using strain BL2T7P and
BL2T7P1TrcP, and as a result, the extraction fermentation
had significant positive impacts on cell growth and isoprene
production. As shown in Fig. 2a, b, the isoprene concentra-
tions with dodecane overlay were 2-fold and 40% higher, and
ODggo also presented 16 and 69% improvement over the
strains without dodecane overlay respectively for strain
BL2T7P and BL2T7P1TrcP. It indicated that the organic layer
with stronger solubility trapped isoprene and reduced its tox-
icity to cells. We used the standard isoprene to test that the
hold-up efficiency of isoprene in dodecane layer is 60.96%
(Supplementary Material Method). This result indicates that
most of the produced isoprene was trapped into the dodecane
layer, reducing its toxicity to cells.

‘We then applied the extraction fermentation to analyze the
isoprene production by these engineered strains. Comparison
of isoprene titers among the four strains demonstrated that
strain BL7CT7P with one promoter for each gene had a rela-
tively low ODgqo and a low isoprene titer of 117.4 £ 17.2 mg/
L. But strain BLSCT7P with five gene expression cassettes
produced higher isoprene than strain BL7CT7P, with the titer
of 338.1£101.5 mg/L at 48 h. It was indicated that co-
expressing genes within a polycistron operon instead of
monocistron was beneficial to increase isoprene production.
Interestingly, a significant improvement of isoprene produc-
tion was achieved by strain BL2T7P1TrcP with three gene
expression cassettes, generating an isoprene titer of 563.9 +
34.7 mg/L, which was nearly 5-fold higher than that of strain
BL7CT7P. These results supported our hypothesis that regu-
lation of gene expression levels might enhance isoprene pro-
duction. As shown in Fig. 3a, strain BL2T7P produced almost
the lowest isoprene with a titer of 105.4 £43.2 mg/L at 48 h,
which was similar with that generated by strain BL7CT7P.
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The difference was that strain BL2T7P produced isoprene
faster, grew faster, and had a higher cell density than strain
BL7CT7P(Fig. 3b), which was probably due to the reduced
cellular burden or the lower levels of toxic intermediates.
Interestingly, we observed in Fig. 3c, d that both the glucose
consumption and the acetate accumulation showed complete-
ly negative correlation with isoprene production in all four
strains. It demonstrated that strain BL2T7P1TrcP consumed
the least glucose and produced the least acetate (the final titer
was 1.1 £0.2 mg/L), showing a 5.41-fold productivity com-
pared to strain BL2T7P. In contrast, strain BL2T7P consumed
more glucose and produced acetate of 2.8 £ 0.3 mg/L.

Evaluation of different manipulations for isoprene
production

In order to evaluate the four different manipulations, we in-
vestigated the gene transcription and metabolite production of
the four engineered strains. We first carried out qPCR for all
the MVA pathway genes in strain BL7CT7P, BLSCT7P,
BL2T7P1TrcP, and BL2T7P. The relative mRNA levels of
mvakE, mvaS, mvk, pmk, mvaD, idi, and ispS were normalized
to gapdh. As exhibited in Fig. 4, the total relative mRNA
levels were significantly different between the four samples.
Generally, the mRNA levels of gene mvaE, mvk, and ispS
were lower comparing to other genes. We observed that strain
BLSCT7P exhibited lower levels of mvaS, mvk, pmk, and
mvaD transcription, but higher levels of mvaE and idi, and
similar levels of ispS transcription comparing to strain
BL7CT7P. In contrast, the ratios of the cDNA levels derived
from BL2T7P1TrcP far exceeded those from the other three
strains. It indicated that the imbalanced expression of genes

Fig. 4 The relative mRNA levels 5.0x10°

may lead to low transcriptional levels. Obviously, strain
BL2T7P transcribed the lowest mRNA levels for all the genes
among the four strains.

Besides mRNA levels, metabolites were also analyzed. We
isolated the intermediates and detected their relative concen-
trations at 14 h, 24 h, and 36 h time points. As illustrated in
Fig. 5a, we found that BL7CT7P accumulated MVA, MVAP,
and MVAPP over time, so the levels of IPP/DMAPP were
significantly high at early growth phase and low at later phase.
These results indicated that the metabolite flux was not con-
stant, probably resulting from the over-expression of some
genes and the insufficient expression of idi, ispS or their low
activities. In contrast, strain BLSCT7P had much lower accu-
mulations of intermediates (Fig. 5b),which was consistent
with the mRNA levels that most genes were transcribed lower
than that of strain BL7CT7P. Interestingly, BL2T7P1TrcP
generated lower MVA and MVAPP, similar amount of
MVAP and IPP/DMAPP (Fig. 5¢), and higher isoprene titer
compared with BL7CT7P (Fig. 3a).These results indicated
that BL2T7P1TrcP showed a more balanced flux towards iso-
prene. Strain BL2T7P showed the lowest MVA, MVAP, and
IPP/DMAPP levels among the four strains (Fig. 5d), and the
shortage of the precursors IPP/DMAPP might be caused by
the low gene expression.

Optimization of the extracted fermentation

In general, strains with different gene expression cassettes,
promoters, and plasmid copy numbers might require different
amount of inducer; thus, IPTG concentrations probably had
different influences on the four strains. We then optimized the
IPTG induction time and concentrations based on the

from RT-PCR. The cDNA of gene
mvaE, mvaS, mvk, pmk, mvaD,
idi, and ispS was generated from
strain BL7CT7P, BL5SCT7P,
BL2T7P1TrcP, and BL2T7P.
Strains were cultured in M9

4.5x10°

medium for 14 h and induced by
0.8 mM IPTG at 30 °C when
ODggo was 1.4. The expression
level of each gene was normalized
with the value for the
housekeeping gene gapdh.
Results are the average of three
technical replicates, with error
bars showing the standard
deviation from the means
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extracted fermentation to further improve isoprene produc-
tion. We induced the cultures with 0.8 mM IPTG at three
different ODggo: low ~ 0.6 (cultured 3 h), medium ~ 1.4 (cul-
tured 4 h), and high ~2.2 (cultured 5.5 h), respectively. Then,
we detected the isoprene production and cell densities after
being induced for 36 h at 30 °C. As shown in Fig. 6a, we
observed significant different isoprene production among the
different induction times. Comparing with induced time at
ODgq of 0.6, isoprene titers were increased 2.2-, 1.5-, 1.5,
and 2.8-fold respectively in BL7CT7P, BL5CT7P,
BL2T7P1TrcP, and BL2T7P when they were induced at
ODgqg of 1.4. However, when the cells were induced at 2.2,
they then respectively decreased 74.7%, 80.6%, 97.1%, and
57.0% comparing to those when induced at 1.4. The final
ODgoo were higher when the cells were induced at higher
ODgo. Therefore, cultured 4 h (ODg( of 1.4) is the optimal
inducing time.

Sequentially, we also investigated the effect of different
IPTG concentrations. We used a series of IPTG concentrations
in the range of 0.1 mM, 0.4 mM, 0.8 mM, and 1.2 mM to
induce the four strains when ODgoq was 1.4. As shown in

BL7CT7P BLSCT7P  BL2T7P1TrcP BL2T7P

The samples were collected from the same cultures with RT-PCR. Data
represents averages of the peak area per ODg from three replicates with
error bars shown

Fig. 7, we observed that the isoprene titers generally increased
with the IPTG concentration rising, but the extent was differ-
ent among the four strains. When the IPTG concentration was
increased to 1.2 from 0.1 mM, the isoprene titer was improved
3.3-and 2.7-fold in strain BL5SCT7P and BL2T7P1TrcP, while
only 29 and 71% in strain BL7CT7P and BL2T7P, respective-
ly. In general, the titers of isoprene increased sharply when
IPTG concentrations were increased to 0.8 from 0.1 mM, then
slow down when IPTG concentrations were further increased
to 1.2 mM. Finally, we concluded that 0.8 mM IPTG was
deemed the optimal IPTG concentration for isoprene produc-
tion considering isoprene titers, cell growth, and the cost of
fermentation, with the isoprene titer increased to 587 +47 mg/
L in strain BL2T7P1TircP.

Discussion
In conclusion, we introduced the superior genes for construct-

ing MVA pathway and manipulated the 7-gene expression
levels for greatly enhancing isoprene production in E. coli.

@ Springer



248

Appl Microbiol Biotechnol (2019) 103:239-250

350 I 3 h-induced |
14 h-induced
[ 5.5 h-induced

300

250
200

150

Titers of isoprene (mg/L)

100

50

BL7CT7P

BLSCT7P  BL2T7P1TrcP BL2T7P

Fig. 6 Isoprene production (a) and cell growth (b) when strains were
induced at different ODgqg. Cultures were induced by 0.8 mM IPTG
after respectively being cultivated for 3 h (black bars), 4 h (light gray
bars), and 5.5 h (gray bars). Isoprene titers were measured after 36 h

Through altering the gene expression cassettes, plasmid copy
numbers, and promoters, we obtained four engineered strains:
BL7CT7P, BL5CT7P, BL2T7P1TrcP, and BL2T7P, in which
BL2T7P1TrcP showed a more balanced system and highest
isoprene production. We successfully regulated the gene ex-
pression levels which were characterized by mRNA levels and
the metabolite levels monitored with LC-MS. To achieve
higher isoprene production, we also developed the extraction
fermentation with dodecane as overlay, and optimized IPTG
concentration at 0.8 mM and induction time at ODggg of ~ 1.4.
In this culturing condition, strain BL2T7P1TrcP produced the
highest titer of ~ 587 =47 mg /L isoprene in M9 medium with
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Fig.7 Isoprene production (a) and cell growth (b) when the cultures were
induced with various IPTG concentrations. When ODgoq were at about
1.4, strain BL7CT7P, BL5CT7P, BL2T7P1TrcP, and BL2T7P were
induced with IPTG concentrations of 0.1 mM (black bars), 0.4 mM
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10 g/L glucose. Strains BL7CT7P and BLSCT7P exhibited a
lower concentration of isoprene and slower cell growth, re-
vealing that more promoters gave the cells more burden. On
the contrary, strain BL2T7P produced the lowest isoprene but
had the best cell growth, which we attribute to the fewer gene
expression cassettes and lower gene expression levels. The
manipulation here of the gene expression levels demonstrates
the importance of metabolic engineering for the improvement
of bio-product yield in a multi-gene pathway. In strain
BL7CT7P, every gene was driven by a strong T7 promoter
which could generate serious burdens to cells. In reverse, the
significant effect of reducing burdens on isoprene production
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might be benefited from the serious burdens. However, strong
T7 promoter often leads to inclusion body formation and thus
enzymes lost their activities. Therefore, we will try to use
weaker promoters for every gene to relieve burdens on cells
to further increase isoprene production in later studies.

In our previous studies, we have engineered the MEP
pathway for isoprene biosynthesis by overexpressing the
key genes (Liu et al. 2014) and joint antisense RNA strate-
gies for isoprene production (Liuetal. 2015) in . coli BL21
(DE3). The optimization of the MEP pathway is worth pur-
suing, because it provides an increased mass yield of prod-
uct (30.2% on glucose) compared to that by the MVA path-
way 0f 25.2% (Whited et al. 2010). However, since the MEP
pathway is under control of native E. coli regulation net-
work with a lot of unknown factors, such as the metabolic
nodes, we only produced isoprene at ~20 mg/L. The opti-
mization of the carbon flux through the MEP pathway suf-
ficient for commercial production of isoprene or
isoprenoids is challenging based on the present research.
MVA pathway, as a heterologous pathway, is easy to opti-
mize and its carbon flux is easy to control. Therefore, the
MVA pathway has been widely used in isoprenoid produc-
tion including isoprene (Zurbriggen et al. 2012; Kim et al.
2016;Yeetal. 2016), isopentenol (Kevin et al. 2014), mono-
terpene (Alonso-Gutierrez et al. 2015), and sesquiterpene
(Redding-Johanson et al. 2011). From these previous stud-
ies, we know that the expression levels of pathway genes
had a huge effect on terpene production and that imbalanced
expression led to metabolite accumulation.

In this work, we not only explored the superior genes de-
rived from the selected organisms to construct MVA pathway
but also manipulated gene expression levels for balanced ex-
pression of the pathway genes to improve isoprene production
in E. coli. The strategies of polycistronic operons, promoter
engineering, and plasmid copy numbers are efficient tools for
regulation of gene expression levels. For their characteriza-
tion, the relative mRNA levels and the intermediate detection
facilitated a better understanding of the four engineered strains
with different gene expression profiles. The variation in the
levels of gene expression will likely impact the levels of pro-
tein synthesis. The protein levels of the MVA pathway en-
zymes will be useful for analysis of the different metabolite
levels and expression levels in the four engineered strains and
exploration of the bottlenecks in the pathway. Therefore, the
targeted proteomics measurement will be focused in the next
step to determine how much enzyme was actually made in
each engineered strain.

We also developed the extraction fermentation, which is a
feasible two-phase culture system to reduce toxicity to cells
and address the evaporation of isoprene by trapping it with
dodecane as overlay. Isoprene production increased nearly 2-
fold by optimizing the extraction fermentation, IPTG concen-
trations, and the induction time. For these strains, the

traditional induction at low ODggo (~0.6)was not optimal,
but induction at a higher ODg (~ 1.4) could allow the cells
growing before expressing proteins and lead to higher iso-
prene production. These results were consistent with the study
of terpene compound limonene production, in which the strain
showed better limonene production when induced at the me-
dium ODgqq of 1.2 than that at ODggq 0f 0.2 and 2.5 (Alonso-
Gutierrez et al. 2015). We suspected that the reasons for the
poor ODgoo and isoprene production when induced at low
ODggo were from the burden of expressing the multiple heter-
ologous enzymes, consumption of cellular resources and me-
tabolites, and the synthesis of the metabolites being toxic to
cells. Through manipulating the gene expression levels of
MVA pathway and optimizing fermentation conditions, strain
BL2T7P1TrcP with the highest isoprene productivity
achieved a titer of 587 +47 mg/L in the sealed flasks. Nearly
30-fold enhancement of isoprene was achieved by controlling
the gene expression levels of the MVA pathway compared to
the titers of engineering MEP pathway. In the study of MVA
pathway, we obtained a considerably higher titer of isoprene
compared to the previous studies (Yang et al. 2012; Yang et al.
2016). These results supported that the heterologous MVA
pathway in E. coli requires a balanced metabolic flux for high
isoprene production in a multi-gene pathway system.
However, the titer of isoprene is still not enough for the eco-
nomic consideration. Although strain BL2T7P1TrcP rendered
the highest isoprene productivities per ODggy among the four
strains, as shown in Figs. 2 and 3, the poor cell growth might
constrain its isoprene production. In the further studies, the
bio-based fermentation process to scale-up isoprene produc-
tion should be developed for increasing isoprene production.
In addition, we should pursue more biotechnologies and en-
gineering strategies from some aspects: (1) searching high
activity enzymes, (2) building efficient pathways, (3) optimiz-
ing influx and efflux of key metabolites, (4) improving
fermentation-based process and recovery technologies, (5) re-
ducing feedback inhibition by isoprene product or intermedi-
ates on further synthesis, (6) using cheap feedstocks, and so
on. The development of bio-isoprene needs industrial biotech-
nologies for the potential to enable isoprene production from
renewable raw materials to deliver commercialization.
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