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Abstract: Monoterpenes are commonly applied as pharmaceuticals and valuable chemicals in various areas.
The bioproduction of valuable monoterpenes in prokaryotic microbial hosts, such as E. coli, has progressed
considerably thanks to the development of different outstanding approaches. However, the large-scale
production of monoterpenes still presents considerable limitations. Thus, process development warrants
further investigations. This review discusses the endogenous methylerythritol-4-phosphate-dependent
pathway engineering and the exogenous mevalonate-dependent isoprenoid pathway introduction, as well
as the accompanied optimization of rate-limiting enzymes, metabolic flux, and product toxicity tolerance.
We suggest further studies to focus on the development of systematical, integrational, and synthetic
biological strategies in light of the inter disciplines at the cutting edge. Our review provides insights
into the current advances of monoterpene bioengineering and serves as a reference for future studies to
promote the industrial production of valuable monoterpenes.

Keywords: monoterpene; prokaryotic microbial factory; metabolic engineering; MEP pathway;
MEV pathway

1. Introduction

Terpenoids are widely distributed natural compounds that are extracted from plants, algae, mosses,
and even insects and microbes. Terpenoids are composed of isoprene five-carbon units (C5) as the basic
skeleton in accordance with the biogenetic isoprene rule and then further classified as monoterpenes
(C10), sesquiterpenes (C15), diterpenes (C20), triterpenoids (C30), tetraterpenes (C40), and polyterpenes.
These numerous compounds are normally used as medicines, insecticides, and fragrances [1].
For example, artemisinin is an endoperoxide sesquiterpene lactone isolated from Artemisia annua Linn
and used as an anti-malarial drug [2]; paclitaxel is a cyclic diterpene hydrocarbon derived from the pacific
yew and broadly applied in clinic as an anticancer drug [3,4]; squalene is the precursor of triterpenoids
and is used as a pharmaceutical intermediate and bactericide [5,6]. All isoprenoids are synthesized
from co-precursor isopentenyl pyrophosphate (IPP) and its isomer dimethylallyl pyrophosphate
(DMAPP), and this process is catalyzed by a series of corresponding isoprenoid synthases. IPP and
DMAPP are subsequently transformed to geranyl pyrophosphate (GPP), farnesyl pyrophosphate (FPP),
or geranylgeranyl pyrophosphate (GGPP), which are the precursors of monoterpenes, sesquiterpenes,
and diterpenes, respectively [7]. Two major pathways are involved in the natural synthesis of isoprenoid
precursors IPP and DMAPP: the methylerythritol-4-phosphate-dependent pathway (MEP pathway),
also termed as deoxyxylulose phosphate pathway (DXP pathway) and the mevalonate-dependent
isoprenoid pathway (MEV pathway) [8,9]. Almost all eukaryotes and archaea use the MEV pathway,
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whereas most prokaryotes take advantage of the MEP pathway. Plants can utilize both biosynthetic
pathways [10–12] (Figure 1).
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Monoterpenes have been gradually recognized as essential medicines and prophylactic 
formulations because of their characteristics that can be easily absorbed by the body and 
transferred into blood and their ability to treat severe chronic diseases, including cancer [13]. 
Limonene, which is used to produce fragrance, flavor, and medicinal products, is a compound 
generally recognized as safe because of its earth-friendly cleaning performance [14,15]. 
Geraniol is often used in the production of perfumes and cosmetics, and can also be used as a 
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Figure 1. Monoterpene synthesis pathway in engineered prokaryotic host. GA3P, D-glyceraldehyde
3-phosphate; CoA, coenzyme A; MEP, methylerythritol 4-phosphate; DXS, 1-deoxyD-xylulose-5-phosphate
synthase; DXR, 1-deoxy-D-xylulose-5phosphate reductoisomerase; AtoB, acetoacetyl-CoA synthase;
HMGS, 3-hydroxy3-methylglutaryl-CoA synthase; HMGR, 3-hydroxy-3methylglutaryl-CoA reductase; IDI,
isopentenyl diphosphate isomerase; DMAPP, dimethylallyl diphosphate; IPP, isopentenyl diphosphate.

Monoterpenes, the members with the smallest molecular weight in terpenoids, are gaining
significant attention because of their various applications in medicines, biofuels, and agriculture in
addition to the traditional use of essential oils and flavor production. Monoterpenes have been gradually
recognized as essential medicines and prophylactic formulations because of their characteristics that
can be easily absorbed by the body and transferred into blood and their ability to treat severe
chronic diseases, including cancer [13]. Limonene, which is used to produce fragrance, flavor,
and medicinal products, is a compound generally recognized as safe because of its earth-friendly
cleaning performance [14,15]. Geraniol is often used in the production of perfumes and cosmetics,
and can also be used as a clinical anticancer drug against pancreatic, colon, and other cancers [16–18].
Meanwhile, some monoterpenes and their derivatives, such asα-pinene, camphene, and limonene, have
high calorific value of combustion and low freezing point; these advantages make them a favorable
choice for next-generation clean jet-biofuels to replace the traditional jet fuels such as JP-10 and
RJ-5 [19,20]. Moreover, some monoterpenes, such as carvacrol, p-cymene, and gamma-terpinene,
are toxic to microbes and insects, and are thus often used as antibiotics and insecticides [21,22].
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In the past, monoterpenes were mainly obtained from plant biomass, but this traditional production
method restricts their wide applications because of its low yields, high costs, long reaction cycles
and difficult purification [23]. Similar problems also exist in the subsequently developed chemical
synthesis strategy with the complex reaction process and the environment pollution risks, even though
the productivity could be increased. Moreover, such modes of production could hardly synthesize
compounds with complex molecular structure and specific affinity and specificity [24]. To address these
problems and achieve broad commercial applications, scholars have developed a series of biological
manufacturing methods with the advantages of self-assembly, proliferation, mild reaction condition
requirements, and environment-friendly features to produce valuable monoterpenes, especially in this
rapid development era of synthetic biology and bioengineering [25,26]. Several microorganisms, such
as Escherichia coli and Saccharomyces cerevisiae, are considered as perfect chassis and have been designed
as microbial cell factories for the industrialized production of significant monoterpenoids [27,28].
Both MEV and MEP pathways and their downstream enzyme systems are available to be incorporated
and engineered in these chassis with different strategies to produce various valuable monoprenoids
with high yield. This review summarizes the advances of different strategies for the establishment and
optimization of heterologous monoterpene synthesis in the prokaryotic cell factory (Table 1).

Table 1. Strategies used for monoterpene production.

Pathway
Strains of
the E. coli
Chassis

Origin of the Integrated
Enzymes for the

Monoterpene Production
Engineering Design Monoterpene

Product

Maximal
Monoterpene Yield,

Culture and
Recovery Methods

Reference

MEP

BLR (DE3)
Codon

Plus-RIL
cells

1. tGPPS from Abies grandis
2. tLS from Mentha spicata

1. Absence of enhanced MEP or
MVA pathway

2. Adjusting promoter strength
Limonene ~5 mg/L,

Steam distillation; [29]

BL21 (DE3)

1. tGPPS from Abies grandis
2. tLS from Mentha spicata
3. DXS and IDI from E. coli

K12 MG1655

1. Codon optimization
2. Plasmid vector and enzyme

arrangement selection
3. Integration of gpps and ls in
one plasmid; integration of dxs

and idi in another plasmid

Limonene

35.8 mg/L,
two-phase culture of

n-hexadecane
organic layer

[30]

MEV

DH1 ∆acrAB

1. AACT and IDI from E. coli
2. HMGS and tHMGR from

Staphylococcus Aureus
3. MVK, PMK, and PMD from

Saccharomyces cerevisiae
4. tGPPS from Abies grandis
5. tLS from Mentha spicata

6. efflux pump from
Alcanivorax borkumensis

1. Codon optimization
2. Exogenous pathway

introduction
3. Replication origin and

promoter strength selection
4. Integration of seven MEV

pathway genes in one plasmid;
integration of gpps and ls in

another plasmid; efflux pump
genes integrated in the last

plasmid alone.

Limonene

~60 mg/L,
two-phase culture of

dodecane organic
layer

[31]

DH1

1. AtoB and IDI from E. coli
2. HMGS and tHMGR from

Staphylococcus Aureus
3. MK, PMK, and PMD from

Saccharomyces cerevisiae
4. tGPPS from Abies grandis
5. tLS from Mentha spicata
6. Cytochrome P450 from

Mycobacterium

1. Codon optimization
2. Exogenous pathway

introduction
3. Stronger promoter

replacement
4. Integration of seven MEV

pathway genes in one plasmid;
integration of gpps and ls in one

plasmid; integration of
limonene-producing genes in

one plasmid; integration of
P450 system genes in one

plasmid

Limonene,
Perillyl alcohol

~435 mg/L,
two-phase culture of

dodecane organic
layer;

~34 mg/L,
in situ product

recovery strategy
based on Amberlite

IRA 410 Cl (A)

[32]

Rosetta

1. AtoB from E. coli
2.HMGS and HMGR from

Enterococcus faecalis
3. FNI, MK, PMK and PMD

from Streptococcus pneumoniae R6
4. tGPPS from Picea abies
5. PHLS from Lavandula

angustifolia

1. Codon optimization
2. Exogenous pathway

introduction
3. Integration of seven MEV

pathway genes in one plasmid;
integration of gpps and phls in

one plasmid

β-phellandrene
25 mg/gdcw,

two-phase culture of
hexane organic layer

[33]



Catalysts 2019, 9, 433 4 of 14

Table 1. Cont.

Pathway
Strains of
the E. coli
Chassis

Origin of the Integrated
Enzymes for the

Monoterpene Production
Engineering Design Monoterpene

Product

Maximal
Monoterpene Yield,

Culture and
Recovery Methods

Reference

MG1655

1. AtoB and IDI from E. coli
2. HMGS and tHMGR from

Saccharomyces cerevisiae
3. MK, PMK, and PMD from

Saccharomyces cerevisiae
4. tGPPS and tPS from Abies

grandis

1. Codon optimization
2. Exogenous pathway

introduction
3. Fusion protein

4. Integration of seven MEV
pathway genes in one plasmid;

integration of gpps and ps in
another plasmid

Pinene

32.4 mg/L,
two-phase culture of

dodecane organic
layer

[34]

BL21 (DE3)

1. AtoB and IDI from E. coli
2. HMGS and tHMGR from

Saccharomyces cerevisiae
3. MK, PMK, and PMD from

Saccharomyces cerevisiae
4. tGPPS from Abies grandis
5. tLS from Mentha spicata

1. Codon optimization
2. Exogenous pathway

introduction
3. Integration of seven MEV

pathway genes in one plasmid;
integration of gpps and ls in

another plasmid

Limonene

2.7 g/L,
two-phase culture of

diisonoylphtalate
organic layer

[35]

BL21(DE3)

1. MvaE and MvaS from
Enterococcus faecalis

2. MK, PMK, PMD and IDI
from Saccharomyces cerevisiae
3. GPPS from Abies grandis
4. SabS from Salvia pomifera

1. Codon optimization
2. Exogenous pathway

introduction
3. Integration of three upper

MEV pathway genes, gpps and
sabs in one plasmid; integration

of four lower MEV pathway
genes in another plasmid

Sabinene 2.65 g/L [36]

MG1655

1. MvaE and MvaS from
Enterococcus faecalis

2. MvaK1, MvaK2, MvaD from
Streptococcus pneumoniae

3. IDI from E. coli
4. GPPS from site-directed

mutation of FPPS
5. tGES from Ocimum basilicum

1. Codon optimization
2. Exogenous pathway

introduction
3. Deletion of E. coli gene yjgB
4. Integration of seven MEV

pathway genes in one plasmid;
integration of gpps and ges in

one plasmid

Geraniol
182.5 mg/L;

two-phase culture of
decane organic layer

[37]

DH1

1. AtoB and IDI from E. coli
2. HMGS and tHMGR from

Saccharomyces cerevisiae
3. MK, PMK, and PMD from

Saccharomyces cerevisiae
4. tGPPS from Abies grandis
5. tMS from Quercus ilex L.

1. Codon optimization
2. Exogenous pathway

introduction
3. Integration of seven MEV

pathway genes and gpps in one
plasmid; integration of ms

alone in one plasmid

Myrcene

58.19 mg/L
two-phase culture of

dodecane organic
layer

[38]

BL21 (DE3)

1. MvaE and MvaS from
Enterococcus faecalis

2. MK, PMK, PMD and IDI
from Saccharomyces cerevisiae
3. tGPPS from Abies grandis

4. tGES from Ocimum basilicum

1. Codon optimization
2. Exogenous pathway

introduction
3. Identification of the role of
acetylesterase for converting
geranyl acetate to geraniol

4. Integration of three upper
MEV pathway genes, gpps and
ges in one plasmid; integration

of four lower MEV pathway
genes in another plasmid

Geraniol

~ 2.0 g/L;
two-phase culture of
isopropyl myristate

organic layer

[39]

XL1-Blue

1. AtoB and IDI from E. coli
2. HMGS and tHMGR from

Staphylococcus Aureus
3. MK, PMK, and PMD from

Saccharomyces cerevisiae
4. tGPPS from Abies grandis

5. PS from Pinus taeda

1. Codon optimization
2. Exogenous pathway

introduction
3. Directed evolution of PS

4. Integration of seven MEV
pathway genes and gpps in one
plasmid; integration of mutant

ps alone in another plasmid

Pinene

140 mg/L;
two-phase culture of

dodecane organic
layer

[40]

Abbreviations: AtoB, acetoacetyl-CoA synthase; HMGS, HMG-CoA synthase; HMGR, HMG-CoA reductase;
MK, mevalonate kinase; PMK, phosphomevalonate kinase; PMD, mevalonate pyrophosphate decarboxylase;
MvaE, bifunctional acetoacetyl-CoA thiolase and HMG-CoA reductase; MvaS, HMG-CoA synthase; MvaK1,
mevalonate kinase; MvaK2, phosphomevalonate kinase; MvaD, mevalonate diphosphate decarboxylase; IDI,
isopentenyl diphosphate isomerase; GPPS, geranyl diphosphate synthase; FPPS, farnesyl diphosphate synthase; LS,
limonene synthase; PS, pinene synthase; SabS, sabinene synthase; GES, geraniol synthase; MS, myrcene synthase;
AES, acetylesterase.

2. Engineering Endogenous MEP Pathway in Prokaryotic Chassis

As a pivotal microbial chassis for bioengineering, prokaryotic E. coli mainly use MEP pathway for
isoprenoid biosynthesis, which usually unable to produce sufficient quantities of monoterpenes for
industrial production. Although several groups indicated that the engineered MEP pathway could
increase the level of isoprenoid production in E. coli, the common precursors IPP and DMAPP are
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primarily synthesized to FPP and higher polyprenyl diphosphates rather than to the intermediate
of GPP and its downstream monoterpenoids [41,42]. Thus, introducing exogenous catalytic enzyme
genes that encode GPP synthase (GPPS) and other monoterpene synthases to improve GPP production
could be an appropriate solution. Carter et al. tested the function of a short exogenous metabolic
pathway for the biosynthesis of the simple monoterpene carvone [29]. They incorporated four enzymes,
namely, GPPS, limonene synthase (LS), cytochrome P450 limonene hydroxylase (L6H), and carveol
dehydrogenase (CdH), into E. coli, which could theoretically catalyze IPP and DMAPP to carvone.
However, the production of the intermediate limonene increased to nearly 5 mg/L, whereas the target
product of carvone could hardly be detected. Intriguingly, feeding with exogenous limonene could
push forward the carbon flux to the synthesis of carvone probably through increasing the supply of
substrates. This strategy could improve the production of carvone into 0.25 mg/L. These results suggest
that the endogenous supplies of the crucial precursors of IPP and DMAPP are at a relative low flux to
the monoterpene synthesis. The requirement of the industrial production of monoterpenes may hardly
be satisfied by simply incorporating several downstream enzymes to the MEP pathway.

Since the efficiency of the endogenous MEP pathway became a limiting factor, several
groups attempted to engineer the MEP pathway to acquire higher titers of monoterpene.
Enzymes 1-deoxy-d-xylulose-5-phosphate synthase (DXS), DXP reductoisomerase (DXR), and isopentenyl
diphosphate isomerase (IDI) were demonstrated as the rate-limiting factors in the MEP pathway [43,44].
DXS catalyzes the formation of DXP, DXR reduces DXP to 2-C-methyl-D-erythritol-4-phosphate,
and IDI catalyzes the conversion of the relatively unreactive IPP to the more-reactive electrophile
DMAPP. The strategies of introducing exogenous rate-limiting enzymes with high expression by
codon-optimization and/or increasing the expression levels of these endogenous enzymes through
integrating with strong promoters could successfully control flux from the target precursors to the
subsequent desired compounds. Du et al. embedded two exogenous genes encoding GPPS and LS
in E. coli so that the production of limonene reaches 4.87 mg/L. Subsequently, they overexpressed
DXS and IDI through plasmid transient transformation, which could enhance the production of
limonene ultimately to 17.4 mg/L at 48 h. After a series of modifications to optimize the two-phase
culture medium, the titer of limonene continuously elevated up to 35.8 mg/L, approximately 7-fold
greater than the initial yield [30]. Despite the significant improvement in monoterpene biosynthesis,
the wide applications of MEP pathway engineering are limited because of the presence of inherent
regulation mechanisms and the unknown physiological control elements in the host cell, which cause
the bottleneck of monoterpene production efficiency [45].

3. Introduction of Heterologous MEV Pathway

Bypassing the inherently metabolic synthesis pathway through replacing it with a heterologous
mevalonate-dependent pathway provides a pioneering strategy for the production of valuable
terpenoids [46]. For example, Martin’s group introduced a heterologous MEV pathway into E. coli to
increase amorphadiene titer greater than 100 mg/L [47]. This mechanism might be the overproduction
of universal precursors IPP and DMAPP by the heterologous expression of MEV pathway enzymes
with terpene synthases, which could enhance the conversion efficiency of IPP and DMAPP to relevant
terpenoids. Similar strategies were inspired to increase the titers and yields of various monoterpenes.
For instance, Gutierrez et al. engineered E. coli by introducing all seven enzyme-encoding genes involved
in the MEV pathway and downstream limonene and perillyl alcohol (POH) synthesis-dependent genes
encoding GPPS, LS, and cytochrome P450 [32]. Considering that the dispersion of the seven genes of
the MEV pathway into multiple plasmids could aggravate the metabolic burden and hinder the target
product synthesis in the host cell due to the raw materials and energy consumption [48,49], the authors
integrated the seven genes into one plasmid and generated various versions of plasmid constructs for
further study. The appropriately modified metabolic route increased the yield of limonene to 435 mg/L
during 72 h of incubation with supplement of 1% glucose in the culture medium. Thus, the high
titer of limonene could overcome its uptake and trafficking restrictions, which might promote the
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conversion efficiency of limonene to the target monoterpene such as carvone. Accordingly, the strain
harboring the reasonably combinatory plasmids was induced to produce its derivative POH to about
34 mg/L. For α-pinene production, Yang et al. embedded the heterologous hybrid MEV pathway and
the co-expressed GPPS and α-pinene synthase (PS).

The final biosynthesis production accumulated up to 5.44 mg/L and 0.97 g/L under the culture
conditions of flask and fed-batch fermentation, respectively [50]. Another intriguing work indicated
that the incorporation of GPPS and β-phellandrene synthase (PHLS) in E. coli could not result in the
measurable yield of β-phellandrene. However, after introducing the MEV pathway in collaboration
with the GPPS and the PHLS, the output of β-phellandrene reached 11 mg/gdcw after over 20 h of
incubation. This titer could be further improved to 25 mg/gdcw by optimizing LB broth with 1% glucose
supplement and then extending the incubation time to over 72 h [33]. Notably, when the endogenous
MEP pathway and the exogenous MEV pathway were used individually, the production of sabinene
generated from integrated GPPS and sabinene synthase in the MEV pathway was 20-fold higher than
that in the MEP pathway. The final production via a series optimization for culture condition and
inducer concentration achieved a maximum titer of 82.18 mg/L under shake-flask culture and 2.65 g/L
under fed-batch culture [36]. However, the method of heterologous MEV pathway introduction is
not always available for different monoterpene biosyntheses to reach an industrial grade, which is
probably due to restrictions of the rate-determining step and the imbalance of the metabolic flux.
These bottlenecks may result in the accumulation of some toxic intermediates and the limitation of the
downstream essential products in the intracellular space.

4. Optimization of the Expression and Function of the Rate-Limiting Enzymes

A common method to break the restrictions of the rate-determining step is to increase the expression
level of rate-limiting enzymes in prokaryotic hosts. Three strategies are available: (1) insertion of
stronger promoters into the operons directing the enzyme gene expression; (2) codon optimization of
enzyme-coding regions; and (3) screening of enzymes from different species for a higher compatible
and efficient homolog [51,52]. For the integration of MEV pathway and monoterpene synthases,
a series of strong promoters, including T7, lacUV5, and trc, was utilized [32,33]. In another way,
the codon optimization scheme is also essential for the heterologous metabolic system due to relatively
diminished expression efficiency by biased codon usage [53]. Moreover, for the enzyme homolog
screening, GPPS is considered a crucial candidate, which could be classified as homomeric and
heteromeric isoforms [54,55]. The heteromeric GPPS extracted from Mentha piperita is composed of
two subunits with different sizes, which shows no single catalytic activity. This heterodimer could
transform IPP and DMAPP to C10 GPP and C20 GGPP [56]. The homomeric GPPS from Arabidopsis
thaliana is a polyprenyl pyrophosphate synthase that synthesizes multiple terpenes ranging from C25 to
C45, while another type from conifers, such as Picea abies and Abies grandis, yields only GPP [41,57,58].
Because the GPP specific-producing manner can avoid or suppress the byproduct generation and
effectively control the metabolic flux into the monoterpenes, the fully characterized GPPSs from P.
abies and A. grandis were confirmed the better synthetases for the monoterpene production in host
microbes, which need further codon optimization and truncation of tail sequences encoding plastid
signal peptide for prokaryotic cell integration.

Another striking method for the functional improvement of the enzymes is directed evolution,
which relies on random mutagenesis and high-throughput screening [59]. It confers the enzymes with
an unnatural powerful catalytic efficiency and effectively overcomes the metabolic flux nodes [60,61].
Notably, the monoterpene synthase-mediated reactions are widely considered as the rate-limiting
step in production. The improved activity and stability of enzymes could benefit to compete for the
essential intermediate GPP from FPPS, which will lead the carbon flow to the final monoterpene.
For instance, Tashiro’s group isolated a PS variant that outperforms the wild-type through the directed
enzyme evolution. After co-expression of this variant with IDI, GPPS, and the MEV pathway, pinene
productivity could reach 140 mg/L in flask culture [40]. Technically, the visualization of substrate
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consumption and the diversity of alternative variants could facilitate the establishment of the screening
system for the directed evolution of enzymes [62,63]. Thus, this approach could rapidly select perfect
mutants for advanced cellular performance, which is suggested to be suitable for many other enzymes
in the metabolic route [59].

5. Controlling the Flux Distribution of Essential Intermediates

5.1. Fusion of Key Enzymes

Biofunctional fusion enzyme works as a multifunctional protein derived from a single nucleotide
sequence that may contain different enzyme genes. This construction renders the active site of
one enzyme face to another, which channels the intermediates directly though successive catalytic
bioreactions. The spatial distance between enzymes lowers the substrate transmission loss and
accelerates the reaction rate [64]. Meanwhile, the direction of internal enzyme components as well as
the length and the amino acid composition of the linkers involved in the fusion enzymes are considered
the optimizable parameters for the improvement of their catalytic efficiency [65,66]. Sarria et al.
programed an engineered E. coli strain for pinene synthesis by introducing the exogenous MEV
pathway and a series of GPPS-PS fusion enzymes with the components derived from three species.
The highest-flux synthase combination elevated the concentration of pinene in host cells to about
28 mg/L, whereas the subsequent expression of assembled GPPS-PS fusion protein achieved a higher
production of 32 mg/L, approximately 6-fold than that previously reported [34]. The high local
accumulation and exchange of substances though the fusion enzyme system could theoretically
overcome the metabolic burden of the essential intermediate leakage, such as GPP, and relieve or even
eliminate its feedback inhibition effect and toxicity to the host. However, the critical drawback of this
strategy is its high dependence to the accurate architecture of different enzyme components, which are
restricted for expanding to higher-order enzyme fusion.

5.2. Spatial Organization of Heterologous Enzymes

A series of enzymes driving the engineered metabolic pathway could be spatially colocalized
in a specific area of host cells by a programmable scaffold manner. This intriguing strategy has
a significant scalability for enzyme population and can balance the overall pathway fluxes and
alleviate metabolic burdens to optimize yields of target products [67]. The reason is that highly
ordered enzymes reduce intermediate transmission time, protect them from diffusing or competing
the bypass route, and circumvent undesirable equilibria and kinetics resulting from bulk-phase
metabolite concentrations [68–70]. The synthetic scaffold strategy was initially inspired from the
natural synthase complex exhibiting substrate channeling and the programmable nucleotide–protein
interaction. Dueber et al. constructed synthetic protein scaffolds that spatially recruit three MEV
biosynthetic enzymes to improve the mevalonate titers to 77-fold (~5 mM) with relatively low enzyme
expression [71]. Another work arranged individual enzymes of the metabolic pathway at the proper
stoichiometry via fusing enzymes to zinc-finger domains that specifically bind to corresponding
DNA sequences. The titers of metabolites resveratrol, 1,2-propanediol, and mevalonate increased up
to about 5-, 4.5-, and 2.5-fold compared with controls, respectively [72]. Our group demonstrated
that fusing the acetoacetyl-CoA synthase (AtoB), 3-hydroxy3-methylglutaryl-CoA synthase (HMGS),
and 3-hydroxy-3methylglutaryl-CoA reductase (HMGR) genes with rationally designed transcription
activator-like effectors (TALEs) increases the mevalonate production by 3.7-fold [73]. RNA aptamers
were also introduced to the scaffold systems for the designable colocalization of sequential metabolic
enzymes [74,75]. The modularity and programmability of all these scaffold systems enable them
to organize pathway enzymes in specific orientation and optimal stoichiometry. These assembled
synthetic complexes could be conductive to the formation of a concentrated metabolic pool and benefit
the manufacture of various multi-enzyme metabolic pathways.
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5.3. Decrease the Flux of Essential Intermediates into Irrelevant Endogenous Pathways

In metabolic engineering, the irrelevant endogenous pathways utilizing the building blocks of
introduced heterologous pathway in host could be the essential factor hindering the target monoterpene
production. The loss could be avoided through blocking or rerouting irrelevant flux [76]. Zhou et al.
introduced recombinant GPPS and the bottom portion of the MEV pathway into E. coli to yield geraniol
up to 13.3 mg/L. With the combination of geraniol synthase (GES) heterologous expression, the geraniol
production reached 105.2 mg/L. However, endogenous dehydrogenization and isomerization of
geraniol into other geranoids restrained the production. After engineering the strain via deleting
the microbial gene that is highly homologous to plant geraniol dehydrogenase, the conversion of
geraniol significantly reduced and its productivity reached 129.7 mg/L. This titer could be further
increased to 182.5 mg/L by the whole MEV pathway integration [37]. Liu’s group explored an inverse
conversion approach to acquire an approximate industrial productivity of geraniol. They identified
that the acetylesterase (AES) from E. coli could transform geranyl acetate into geraniol; simultaneously,
E. coli could reuse acetate as carbon source in the absence of glucose. By stopping glucose supply
for the engineered strain after 48 h incubation, the geraniol production under fed-batch fermentation
increased up to 2.0 g/L [39]. Thus, accompanied by the engineering of the MEV pathway, identification
and deletion of the endogenous metabolic routes interfering the target product synthesis pathway will
be a broadly applicable approach for controlling the metabolic flux and improving the production of
various terpenoids.

6. Improvement of the Toxicity Tolerance for the Host Strain

Almost all monoterpenes exert critical toxicity to the host cell. Thus, continuously elevated
production of monoterpenes may exacerbate the exhaustion of the cell factory. Their toxicity could
inhibit the growth of producing hosts, lower the biotransformation activity of enzymes, and impede the
availability of the metabolic route. In the end, the total production of monoterpenes by microbial strains
is eventually reduced [21,77,78]. Commonly used approaches to improve toxicity tolerance include
modification of membrane proteins, expression of efflux pumps, and activation of the stress response
system, such as expression and regulation of heat shock proteins [79–81]. Dunlop et al. employed a
cellular export system to alleviate biofuel toxicity and enhance the host’s tolerance. They screened
bacterial genomes and read out all the efflux pumps, a class of membrane transport proteins driven
by the proton motive force [82–84]. Afterward, 43 of the pumps were selected and cloned into
a plasmid library, which were subsequently transformed into E. coli for heterologous expression.
This export mechanism shows significant protective effects of host survival for five chosen biofuels,
including geranyl acetate, geraniol, α-pinene, limonene, and farnesyl hexanoate [31]. The elevated
tolerance to the product toxicity and the significant improvement of product yields might be due to
the efficient transportation of toxins out of the host and the maintenance of biomass accumulation
by the efflux pumps. However, the combination of more than one type of efflux pumps could inhibit
cell growth, implying that antagonistic mechanism is involved in the multi efflux pump effects [85].
Nevertheless, this approach has a profound effect on the toxicity tolerance of the prokaryotic hosts
and has a great potential to be applied in monoterpene production. Alternatively, another intelligent
strategy called in situ product recovery (ISPR) based on anion exchange resin was developed [86,87].
This method uses a column containing a fluidized bed of resin combined with a bioreactor to specifically
trap toxic products and remove them from the culture media. This manner could relieve the effect
of toxic inhibition on bioconversion and finally improve the production of the target monoterpene.
Alonso-Gutierrez et al. tested four commercially available resins and then found the Amberlite
IRA 410 Cl, a most suitable resin for POH recovery. Amberlite resin traps the POH, which can
maintain a low final product concentration in the media and maintain a high rate of metabolic flux
toward it. Their results showed 1.5-fold higher POH production than that in the resin-absent group.
Moreover, combination of this method with overexpression of the cytochrome P450 system could
increase the ultimate concentration of POH with 2.5-fold in total and 3.5-fold in specific production [32].
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Meanwhile, a method using an aqueous-organic two-phase system for host cell culture produces
similar protective effects. Rational utilization of in situ separation and extraction for two-phase culture
medium not only alleviates the product toxicity to cells but also prevents the target monoterpene from
volatilizing [88,89]. By taking advantage of the in situ two-phase extraction, the bacteria harboring
the heterologous MEV pathway, GPPS and MS could produce myrcene to a maximum of 58.19 ±
12.13 mg/L [38]. However, these progresses for toxic tolerance improvement are mainly focused on the
effective transfer of products. Other ways of optimizing the metabolic systems or engineering the host
cells in a more robust condition should also be considered in future studies.

7. Conclusions

The metabolic engineering of monoterpene production has already achieved substantial progress
in recent years. In early studies, the native MEP pathway as a primary regulatory objective acquired
considerable attention. Most studies focused on the overexpression of key enzymes in this pathway,
which limit productivity. Unfortunately, the implementations of such strategy could not achieve the
expected effect for the industrial production of monoterpenes possibly because of the intrinsic barrier
of the MEP pathway for supplying IPP and DMAPP, two essential universal monoterpene-building
components. The introduction of a stronger heterologous MEV pathway partially compensated for
this shortage. This strategy was subsequently designed to combine with a series of optimization
approaches, such as functional improvement of the rate-limiting enzymes, control of the metabolic flux,
and increase of the host’s tolerance to the product toxicity as discussed above, for further productivity
improvement. In general, most monoterpene biosyntheses remain far from the industrialization by now.
To address this problem, systematic analysis of the complicated metabolic system should be considered
in future studies for monoterpene manufacturing. One notable study designed a computational tool
named principal component analysis of proteomics (PCAP), for the multi-dimensional engineering
of global metabolic pathways. This rational mathematical tool interrogated the data of the targeted
proteomics and products based on principal component analysis, which could help researchers to
modify the expression of some specific enzymes, balance the metabolic pathways, and predict product
yields. Thus, the overall strategies for engineering the higher-efficient monoterpene-producing chassis
could be rationally designed [90]. Future studies should also consider the systematical integration
of multiple approaches demonstrated to be effective in the prokaryotic chassis. An intriguing
research took advantage of a multi-level analytical method to define and assess four engineering
strategies for fermentative limonene production in E. coli: (1) Construction of a metabolic route by
transformation of recombinant plasmids harboring heterologous MEV pathway enzymes and the
subsequent synthases into the host strains; (2) Determination of the enzyme activity for choosing an
appropriate GPPS-exploited cell-free system with the functional proteins extracted from the induced
host and then adding extra substrates to the system; (3) Selection of the most suitable host by analyzing
the physiological properties of different E. coli strains after introduction of the MEV pathway and
the downstream steps; (4) Utilization of two liquid-phase carbon source fed-batch fermentation
with glucose and glycerol, as well as adding a non-toxic organic solvent for the in situ extraction
of monoterpenes [35]. This attempt of the integration scheme from genetic modification to process
optimization surprisingly increased target productivity. Further studies are necessary to find other
complementary advantages of various metabolic engineering approaches and systematically elongate
the pipelines of engineering for monoterpene biomanufacturing.

Other interesting opportunities for future studies of monoterpene biomanufacturing will rely
on the rapid development of the synthetic biology, which could interrogate the organizational
principles of metabolic systems and easily rewire the prokaryotic cells into highly efficient cell
factories. The growing strategies generated from this field, such as artificial life creation, gene circuit
reconstruction, and metabolism redirection, would open new opportunities not only for the synthesis
of monoterpenes but also for many other valuable important chemicals. Their applications in the
construction and optimization of microbial cell factories will inevitably shorten the distance from
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laboratory trials into industrial production. Along with the continuous breakthrough of the bottlenecks
and restrictive factors, we can expect monoterpenes to play valuable roles in health and environment
applications over the coming years.
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