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Abstract Microbial production of isoprenoids provides an attractive alternative to
biomass extraction and chemical synthesis. Although widespread research aims for
isoprenoid biosynthesis, it is still in its infancy in terms of delivering commercial
products. Large barriers remain in realizing a cost-competitive process, for exam-
ple, developing an optimal microbial cell factory. Here, we summarize the many
tools and methods that have been developed in the metabolic engineering of iso-
prenoid production, with the advent of systems biology and synthetic biology, and
discuss how these technologies advance to accelerate the design–build–test engi-
neering cycle to obtain optimum microbial systems. It is anticipated that innovative
combinations of new and existing technologies will continue to emerge, which will
enable further development of microbial cell factories for commercial isoprenoid
production.
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1 Introduction

Isoprenoids constitute a large and diverse group of natural products, encompassing
more than 40,000 structures known thus far [1]. This extremely diverse array of
chemical structures is probably a reflection of their many varied biological func-
tions, which have great attraction for traditional and modern human exploitation,
for instance, as pharmaceuticals, flavors, fragrances, dietary supplements, food
ingredients, biomaterials, and biofuels [2, 3]. From environmental and economic
concerns, microbial production of isoprenoids has gained more and more attention
as most isoprenoids are present only in low quantities in their natural plant
resources and are structurally complex, making it difficult to produce them by
chemical synthesis.

All isoprenoids are derived from the universal C5 monomers isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP; Fig. 1). Two distinct
biosynthetic pathways, the mevalonate (MVA) pathway (Fig. 1a) and the meth-
ylerythritol phosphate (MEP) pathway (Fig. 1b) have evolved for the biosynthesis
of these two vital building blocks [2, 4]. Condensations of DMAPP with one or
more molecules of IPP result in the linear prenyl diphosphate precursors geranyl
diphosphate (GPP), farnesyl diphosphate (FPP), and geranylgeranyl diphosphate
(GGPP), as well as larger units. These skeletons normally pass through a series of
reactions, such as cyclization, methylation, acetylation, phenylation, and rear-
rangements to form a diversity of isoprenoid families.

Owing to the excellent progress in metabolic engineering with the advent of
synthetic biology and systems biology, much success has been seen in the field of
microbial production of isoprenoids. The production of artemisinic acid, a chemical
precursor for the production of the important antimalarial drug artemisinin, repre-
sents a milestone achievement in this area [5]. However, microbial production of
most other isoprenoids is still far behind and will require further development
before they reach the commercial stage. One of the key factors is that construction
and improvements of microbial cell factories are time consuming and need massive
endeavors. Herein, we attempt to cover the recent developments in metabolic
engineering of bacterial and yeast microbial platform strains for isoprenoid pro-
duction with a focus on applied technologies.
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2 Component Discovery

Gene discovery and mechanism elucidation in isoprenoid biosynthesis not only
facilitates functional studies in the plant, but also represents the prerequisite for
engineering a microbial cell factory for production of the compound. Though more
and more active compounds are discovered and their biological functions are
well-characterized, determination of their biosynthetic pathways lags far behind.
For example, the efficient anticancer terpenoid Taxol was first isolated from the
bark of the Pacific yew, Taxus brevifolia Nutt in 1971. However, to date its bio-
synthetic pathway has not been completely elucidated [6]. Cloning of genes dif-
ferentially expressed under production compared to control conditions is a common
strategy for identifying the biosynthesis genes in natural production hosts [7, 8].
Evaluation of sequence similarity can further assist in identification of terpene
synthases as the first step of diversified isoprenoid biosynthesis [9]. However, the
high substrate specificity and low sequence homology of downstream modifying
enzymes such as cytochrome P450s makes their identification and characterization
extremely challenging. Fortunately, recent rapid progress in functional genomics
sequencing [10] as well as differential transcriptome sequencing [11] has enabled
faster identification of related candidates. Of course, functional determination
strongly relies on in vitro and/or biochemical analysis [11, 12], but functional
genomics has enabled significant progress and been helpful in narrowing down the
candidate genes and accelerating the procedure of gene identification.

Sometimes, knowledge gaps in target compound biosynthesis will hinder the
reconstruction of the entire heterologous biosynthetic pathway. Fortunately,
directed evolution provides a feasible strategy to modify an enzyme towards a
specific function [13]. For instance, evolution of a methyl ketone-preferring ami-
notransferase towards acceptance of prositagliptin ketone as substrate enabled
establishing a bioprocess for sitagliptin production by increasing the substrate
binding pocket [14]. Recently, exciting studies showed that the cytochrome P450
P450BM3 from Bacillus megaterium could be evolved towards catalyzing a
carbene transfer reaction for olefin cyclopropanation, rather than its natural
monooxygenation [15, 16]. Directed evolution not only produces enzymes with
novel specific activities, but may also increase catalytic efficiency. For example,
directed evolution of a sesquiterpene cadinene synthase led to increased terpene–

JFig. 1 Biosynthesis of isoprenoids. Complementary routes: a the mevalonate (MVA) pathway
and b the methylerythritol phosphate (MEP) pathway are responsible for the biosynthesis of two
vital precursors, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP).
Condensations of DMAPP with one or more molecules of IPP result in the immediate precursor
geranyl diphosphate (GPP), farnesyl diphosphate (FPP), and geranylgeranyl diphosphate (GGPP),
from which various functional isoprenoids are formed. c The concept of cell factory platform is
simplified as illustrated. A strain with efficient provision of FPP precursor can be easily adapted to
produce a range of different sesquiterpenes
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synthase–cyclization activity [17]. Here, an efficient high-throughput screening
strategy is essential for rapid enzyme selection during the evolution procedure.

Exploiting enzyme catalytic promiscuity, such as condition promiscuity, sub-
strate promiscuity, and catalytic promiscuity, provides another possibility of gap
repairing for constructing artificial synthesis pathways that are currently not
available [18]. For example, a substrate-promiscuous P450BM3 from B. megate-
rium was engineered and incorporated into the semibiosynthetic route for arte-
misinin production in Escherichia coli, which enabled efficient conversion of its
precursor amorphadiene to artemisinic-11S,12-epoxide, at titers of 250 mg/L [19].
Similarly, a D-lactate dehydrogenase (encoded by d-ldh from Lactobacillus
pentosus) and a hydroxylase complex (encoded by hpaBC from E. coli) were
shown to have enough promiscuity to catalyze the consecutive reactions for
salvianic acid A production from 4-hydroxyphenylpyruvate in E. coli [20].

3 Cell Factory Construction

3.1 Host Selection

Saccharomyces cerevisiae and E. coli are commonly used hosts for isoprenoid
production due to the well-characterized genetic background and excellent acces-
sibility of molecular techniques. E. coli showed great performance in terpene
production due to its fast growth [21, 22]. However, the biosynthesis of many
functional terpenoids, especially phytoterpenoids, involves several modification
steps catalyzed by complex enzymes including membrane-bound cytochrome P450
enzymes, which can be difficult to establish in bacteria including E. coli due to
differences in translation and membrane structure. Though engineering of these
enzymes can be helpful for functional expression in E. coli, their catalytic efficiency
usually remains low. Actually, CYP71AV1 expressing E. coli just produced ar-
temisinic acid at a titer of 105 mg/L even though CYP71AV1 expression was
systematically optimized including codon-optimization, N-terminal modification,
and reductase balancing [23], whereas the corresponding engineered S. cerevisiae
produced artemisinic acid at up to 25 g/L [5]. Alternative prokaryotic hosts such as
Corynebacterium glutamicum [24] and Bacillus subtilis [25] have also been engi-
neered for isoprenoid production, but with relatively low efficiency. To date, the S.
cerevisiae has been showing good performance in producing a number of functional
isoprenoids including artemisinic acid [5], tanshinone precursor [11] and ginse-
nosides [26]. Nevertheless, its endogenous MVA pathway awaits further
improvement for high-level production. The red yeast Rhodosporidium toruloides,
which has efficient lipid biosynthesis, is well suited for isoprenoid biosynthesis, and
its genome, transcriptome, and proteome have been systematically analyzed [27],
which makes it a potential efficient host for functional isoprenoid production after
establishing a genetic manipulation platform.
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3.2 Genetic Implementation

Rapid and efficient DNA assembly and genome engineering are the prerequisites
for fast pathway construction and optimization. Yeast homologous recombination-
based DNA assembler [28] and scarless DNA assembly via ligase cycling reaction
(LCR) [29] both enabled assembly of up to 12 DNA parts with 60–100 % of
individual clones being correct, and provided fast and reliable workflow for
assembly of DNA constructs from PCR amplification or DNA synthesis. In yeast
efficient seamless gene disruption [30] enables rapid blocking of by-product for-
mation and one-step multigene genomic integration [31] is helpful for constructing
genetic stable strains. Similarly, in E. coli ePathBrick enables rapid assembly of up
to 7 genes (around 9 kB in total) [32] and chromosomal gene disruption using PCR
primers as the homologue to the targeted gene is well established [33]. However,
genetic engineering of unconventional microorganisms such as R. toruloides is still
difficult. Any endeavor, on establishing a genetic engineering platform for this, is
helpful for constructing alternative microbial isoprenoid cell factories [34].

4 Rational Design and Optimization

4.1 Precursor Supply

High-level production of isoprenoids using either E. coli or S. cerevisiae requires
engineering a strain for efficient provision of the universal C5 monomer IPP or its
isomer DMAPP, as all isoprenoids are assembled from these monomers. Two
pathways exist for the biosynthesis of these precursors (Fig. 1). One approach to
increase the precursor flux is to employ a heterologous pathway to supplement the
native pathway, which may bypass endogenous regulation and alternative dissipa-
tive pathways. Importing the MVA pathway from S. cerevisiae into E. coli sub-
stantially increased the availability of isoprenoid precursors [35]. However, it should
be noted that this procedure may also cause undesired effects such as the toxicity of
pathway intermediates to the host. In this case, the accumulation of hydroxymeth-
ylglutaryl-CoA (HMG-CoA) imposed through heterologous expression of the MVA
pathway was shown to be toxic for E. coli [36]. In addition, the host may lack the
appropriate machinery to functionalize the heterologous enzyme. In a study, it was
found that the difficulty functionally to express iron sulfur cluster proteins in yeast,
which are essential for the last two reactions in the MEP pathway, and this led to
failure in establishing a functional MEP pathway in S. cerevisiae [37, 38].

Another approach to increase the precursor pool is to manipulate the metabolic
flux and regulation of the native pathway. Extensive endeavors have focused on
metabolic engineering of the MVA pathway for enhanced supply of IPP/DMAPP,
and further FPP, which is the universal precursor for sesquiterpenes. Except for the
well-elucidated targets for engineering the MVA pathway in yeast such as
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overexpression of a truncated Hmg1, transcriptional factor mutant Upc2-1, and FPP
synthase Erg20 combined with down-regulation of squalene synthase gene ERG9
[5, 12, 39–41] additional strategies have been developed to increase the flux to FPP.
These include, for example, overexpression of all genes in the MVA pathway either
by integration of an additional copy [42] or replacing the promoters of all relevant
MVA pathway genes [43], or integration of one more copy of tHMG1 with strong
promoter (PTDH3) into the chromosome [42]. Owing to all efforts made, a thor-
oughly optimized strain was developed and combined with the discovery and
implementation of plant dehydrogenase and cytochromes; this enabled an efficient
biosynthetic route in S. cerevisiae to artemisinic acid with fermentation titers of
25 g/L [5].

Taking advantage of a developed platform strain that has a high flux towards
FPP, a commercial process was developed for the production of farnesene [44],
another sesquiterpene derived from FPP. In addition, the flexibility of the FPP
overproducing platform allowed a rapid switch from the overproduction of amor-
phadiene to that of bisabolene, the immediate precursor to bisabolane, which is a
novel biosynthetic alternative to D2 diesel fuel [45]. These examples well elucidate
the concept of a cell factory platform (Fig. 1c), where the cellular metabolism has
been optimized towards formation of universal precursors, which can then be used
by “plug-and-play” for the production of different types of related products.

Similar to this concept, a supply of precursor acetyl-CoA is essential for high-
level production of isoprenoids via the MVA pathway and many other commer-
cially interesting compounds as well [46]. However, acetyl-CoA metabolism in
yeast is quite complex and this metabolite is present in three different compartments
and is not directly interchangeable among these compartments. Therefore, the
metabolism of acetyl-CoA in S. cerevisiae has been thoroughly investigated [47].
Based on this, a combined pull–push–block strategy has been recently developed to
increase the availability of acetyl-CoA in the cytoplasm [46]. The strategy involved
overexpression of endogenous alcohol dehydrogenase Adh2, aldehyde dehydro-
genase Ald6, and expression of acetyl-CoA synthetase variant from Salmonella
enterica. The use of this variant had been previously demonstrated to redirect flux
from acetaldehyde to acetyl-CoA successfully and to lead to improved production
of the sesquiterpene amorphadiene [48]. Furthermore, through combining these
with deleting acetyl-CoA consuming reactions, such as peroxisomal citrate synthase
Cit2 or cytosolic malate synthase Mls1, the developed acetyl-CoA platform
improved the production of the sesquiterpene santalene fourfold [46]. The platform
host was also shown to have a substantially improved production of 1-butanol by
eightfold [49], and polyhydroxybutyrate by 18-fold [50]. However, these strategies
exclusively depend on the native pyruvate dehydrogenase (PDH) bypass pathway,
which is highly ATP-consuming for provision of acetyl-CoA making this route
unfavorable. Alternative pathways for cytosolic acetyl-CoA synthesis such as
replacement of native acetyl-CoA synthetases (ACSs) by acetylating acetaldehyde
dehydrogenase or pyruvate formate lyase [51], may overcome the constraints on the
maximum yields and increase the production of acetyl-CoA–derived isoprenoids
and other compounds.
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4.2 Pathway Balance

It is important to increase the flux to important precursors and the final products,
however, it is also essential that the relative levels of the enzymes are coordinated in
such a way that no intermediates are accumulated, as these metabolites may be toxic
to the host and/or affect further product formation. In order to balance the multigene
pathways, an excellent example by using an approach named “multivariate modular
pathway engineering” was demonstrated to improve production of the diterpene
taxadiene successfully [52]. This technique redefines the metabolic network as a
collection of distinct modules. Four key enzymes (encoded by dxs, ispD, ispF, and
idi) in the MEP pathway were grouped into one module, and two enzymes cata-
lyzing the synthesis of GGPP and taxadiene were grouped into another module. The
expression of the different modules in E. coli was sequentially and systematically
tuned by, for example, varying plasmid copy numbers and altering promoter
strengths. Consequently, the highest producer among these strains reached pro-
duction levels of 1 g/L taxadiene, a nearly 15,000-fold improvement compared to
the control strain [52]. This framework allows for the assessment and elimination of
regulatory and pathway bottlenecks, offers the opportunity to evaluate a compli-
cated system in a more tractable way, and is particularly useful for experimentation
lacking high-throughput screens. The module-balancing strategy has also been
proven to be useful for the production of different types of products, such as the
diterpene miltiradiene [53], fatty acids [54], and the flavonoid pinocembrin [55].

4.3 Spatial Optimization of Metabolism

To obtain the desired cell factories, it is crucial to coordinate the performances of
many different enzymes and multiple cellular pathways. In addition to modular
optimization, spatial coupling of complex metabolic reactions at multiple scales has
become an attractive strategy to improve pathway function. These optimization
approaches function at many scales and are responsive to external signals, ensuring
that the cell does not waste metabolic resources by producing unnecessary enzymes
and channeling flux through appropriate metabolic routes.

One strategy is organizing pathway enzymes as macromolecular complexes by
generation of unnatural fusion proteins. Direct fusion of FPP synthase with a het-
erologous sesquiterpene synthase, patchoulol synthase in S. cerevisiae was found
successful in diverting the flux towards formation of the desired product and
resulted in increased patchoulol production by about twofold [56]. Physical fusion
of diterpene synthases SmCPS (labdadienyl/copalyl diphosphate synthase, from
Salvia miltiorrhiza) and SmKSL (kaurene synthase-like, from S. miltiorrhiza) as
well as the fusion of GGPP and FPP synthase led to significantly improved diter-
pene miltiradiene production and reduced by-product formation in S. cerevisiae
[53]. Although a fusion of two normally monomeric enzymes is straightforward,
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fusion of two normally multimeric or more than two enzymes may be problematic
due to misfolding or proteolysis of the fusion proteins.

As an alternative to artificial protein fusions, synthetic scaffolds with the
assistance of proteins, DNA, or RNA have been recently developed to colocalize
multiple enzymes in a designable manner. Dueber et al. [57] expressed scaffolds
from the interaction domains of metazoan signaling proteins to assemble three
mevalonate biosynthetic enzymes in optimal stoichiometry, and achieved a 77-fold
improvement in mevalonate production with lower enzyme expression levels and
reduced metabolic load in E. coli. Similar to protein scaffolds, RNA aptamer-based
scaffolds are recruited to control the spatial organization of two metabolic enzymes
involved in biological hydrogen production expressed in E. coli, resulting in about
50-fold enhancements in hydrogen production [58]. Unlike protein-based approa-
ches, the use of RNA scaffolds permits the assembly of complex multidimensional
architecture with nanometer precision. However, these techniques have not been
exploited in application of isoprenoid production. Along similar lines, DNA-based
scaffolds were used in combination with chimeras between target biosynthetic
enzymes and zinc fingers (ZFs) to increase mevalonate production up to threefold
with optimal scaffold designs in E. coli [59].

In addition to the linear design and channeling of metabolic pathways, intra-
cellular spatial organization of cellular functions to membrane-surrounded organ-
elles offers great benefits such as concentrating reactions and pathways that need
special conditions (e.g., pH) or may be toxic to other organelles. Mitochondrial
targeting of a heterologous FPP synthase and a sesquiterpene synthase improved the
production of sesquitrepene valencene and amorphadiene by eight- and 20-fold,
respectively, in yeast coengineered with a truncated HMG1 [60]. Targeting the
Ehrlich pathway into yeast mitochondria increased isobutanol production more than
twofold, whereas overexpression of the same pathway in the cytoplasm only
improved yields by 10 % [61]. These successes are not only due to higher con-
centrations of enzymes, substrates, and cofactors, but might also result from
removing the need to transport intermediates between organelles and from reducing
the loss of intermediates to competing pathways.

4.4 Cofactor Engineering

Cofactors such as NAD(P)H, ATP, and CoA are among the most highly connected
metabolites and influence a broad range of cellular functions. Manipulation of
cofactor availability not only allows overcoming bottlenecks in cofactor-dependent
biosynthesis pathways, but might also have a widespread impact on cellular
metabolism.

Pathways for synthesis of isoprenoids often involve oxidation-reduction reac-
tions catalyzed by enzymes using cofactors NADH and NADPH that are as critical
for catalysis as the enzymes themselves. In native cell metabolism NADH is the
major redox product of catabolism, and NADPH is predominantly required in
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anabolism where it serves as a reducing agent for amino acid, lipid, and nucleotide
biosynthesis. Thus, pathway enzymes such as, for instance, HMG-CoA reductase,
which is a key player in the MVA pathway and requires NADPH as a reducing
agent, will increase the demand of NADPH aimed for isoprenoid production and
often have to compete with the requirements of other anabolic pathways for this
essential cofactor.

One approach is altering cofactor requirements by enzyme substitution. Ma et al.
[62] characterized various HMG-CoA reductases to substitute the corresponding
component in the yeast MVA pathway that was heterologously expressed in E. coli.
A NADH-dependent HMG-CoA reductase from Delftia acidovorans improved
production of the sesquiterpene amorphadiene by 50 % over the yeast enzyme.
A further enhanced performance was observed by increasing intracellular NADH
availability using a NAD+-dependent formate dehydrogenase from Candida
boidinii along with formate supplementation.

Another approach is targeting native host pathways that can bring about cofactor
recycling. In order to restore the NADH/NADPH balance impaired by installing a
sesquiterpene santalene biosynthesis pathway in S. cerevisiae, the ammonium
assimilation pathway was modified to increase the availability of the reductive
cofactor NADPH. This was achieved by deleting the NADPH-consuming reaction
of glutamate dehydrogenase encoded by GDH1, and simultaneously overexpressing
the NAD+-dependent glutamate dehydrogenase encoded by GDH2. This strategy
was found to improve the production of the sesquiterpene cubebol by 85 % [63],
and together with other strategies the production of the sesquiterpene santalene
could be increased fourfold [64].

Altering cofactor specificity via protein engineering is another approach as
demonstrated in the enhanced synthesis of butanediol [65], in which the coenzyme
specificity of butanediol dehydrogenase was altered from NAD(H) to NADP(H).

5 Computational and Omics-Aided Engineering
and Optimization

5.1 Computational Tool-Driven Optimization

The identification of gene targets for strain improvement outside the actual bio-
synthetic pathway is a difficult task as it needs comprehensive knowledge about all
pathways and genes functioning in the cell and their interactions with each other.
Increasing availability of stoichiometric models for a range of organisms with
developed metabolic optimization algorithms enables researchers to identify such
gene targets in silico, and may thereby accelerate the process of metabolic engi-
neering for strain improvement towards the enhanced production of desired
products.
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A gene deletion strategy using minimization of metabolic adjustments (MOMA)
allowed the successful identification of genes to be deleted among a large number
of gene candidates, and improved the biosynthesis of lycopene in the engineered
E. coli strain by nearly 40 % [66]. This was further proved to be useful by using
OptGene [67] as a modeling framework and MOMA as an objective function to
identify gene knockouts in S. cerevisiae and led to enhanced production of the
sesquiterpene cubebol by 85 % [63].

On the other hand, it has been difficult to identify gene overexpression targets
using similar techniques. One strategy called flux scanning based on enforced
objective flux (FSEOF) has been successfully used to select genomewide gene
amplification targets in E. coli, and improved lycopene production [68]. These
successes point out examples where genome-scale metabolic models can be used
effectively. However, there are areas where models that incorporate regulatory
constraints and signaling should be used in combination with additional tools, for
example, constraint-based reconstruction and analysis (COBRA) [69], which would
allow for more precise target identification.

5.2 Omics-Based Technique Aided Optimization

The advancements of omics techniques have enabled a rapid acceleration in the
ability to obtain system-level information for the cell, capturing cell physiology in a
holistic manner from several different levels. These high-throughput omics data,
integrated with computational approaches now serve biomolecular network analysis
and model-based prediction in the field of systems biology [70, 71].

Transcription analysis, as the most widely implemented omics technology in
metabolic engineering, has enabled quantitative measurements of the dynamic
expression of mRNAs between different states at the genome scale. This allows
integration of genome-scale metabolic models using different approaches to, for
instance, map the transcriptional and metabolic regulation in metabolic networks
[72, 73]. This valuable information enabled uncovering global regulatory mecha-
nisms and complex metabolic networks. By exploiting whole-genome transcription
analysis, a dynamic stress–response promoter strategy was developed to control
accumulation of toxic intermediates in E. coli and improve the final titers of the
sesquiterpene amorphadiene twofold over those from inducible or constitutive
promoters [74].

Because mRNA levels do not necessarily correlate with protein levels, there is
also much interest in the use of proteomics in metabolic engineering, to quantify
protein levels or characterize states of proteins. A targeted proteomics approach via
selected-reaction monitoring (SRM) mass spectrometry was employed to measure
protein levels of the MVA pathway heterologously expressed in E. coli to produce
the sesquiterpene amorphadiene [75]. The analysis revealed two proteins, meva-
lonate kinase (MK) and phosphomevalonate kinase (PMK), as potential bottle-
necks. Manipulating the expression of these proteins led to a threefold improved
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final titer of amorphadiene. Nowadays, advancements in mass spectrometry com-
bined with liquid chromatography have expanded the number of proteins that can
be quantified in a cell lysate by several orders of magnitude. Also, other methods,
such as stable isotope labeling-based isotope coded affinity tags (ICAT), isobaric
tags for relative and absolute quantification (iTRAQ), or label-free comparative
quantitative proteomics have enabled more accurate proteome measurements.
However, these methods need to be employed to monitor abundance of proteins in
metabolic engineering.

Similar to proteomics, the advent of mass spectrometry also permits measure-
ments of intra-and extracellular metabolites for high-throughput metabolome
studies [76]. However, some challenges still lie in sample preparation, as it is
difficult to obtain quantitative information at the metabolite levels whereas relative
levels can be measured [77]. Instead of looking at all metabolites simultaneously,
target profiling compares the spectrum of interest to a library of reference spectra of
pure compounds. In one study, targeted metabolite profiling coupled with tran-
scriptome analysis was employed to identify the cytotoxic effects of accumulated
HMG-CoA in an engineered E. coli strain expressing the MVA pathway [78]. It
was revealed that HMG-CoA accumulation inhibits the biosynthesis of fatty acids.
Based on these results a new fermentation strategy was suggested including sup-
plementation of palmitic acid or oleic acid, which markedly improved the growth of
the host strain.

As high-throughput omics analyses contribute to a better understanding of the
biological system, this kind of analysis is expected to be more frequently employed
for isoprenoid production to identify metabolic engineering targets.

6 Novel Fermentation Process Design and Optimization

A fundamental challenge to the microbial production of isoprenoids is product (and/
or intermediate) tolerance; for instance, monoterpenes are generally highly toxic to
microorganisms [79]. In addition to cellular engineering approaches such as
transporter engineering [80] and modifying the components of the global tran-
scription machinery [81] that can be used to overcome toxicity limitations, an
alternative approach is novel fermentation process design. By adding an immiscible
organic layer onto the cultivation medium, the product can be removed in situ,
where the product is toxic or inhibits further product formation. A biphasic
extractive system was demonstrated to reduce significantly toxicity of the mono-
terpene limonene to the host S. cerevisiae, with growth rates far beyond the ones
being reached in the solvent-free system or after attempted adaptation in chemostat
cultivation [79]. For example, using dibutyl phthalate as solvent, the minimum
inhibitory concentration to limonene improved by about 700-fold compared to a
solvent-free system.
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The biphasic approach is also a suitable tool for recovery of the product. In an
attempt to eliminate product loss through air-stripping, a two-phase partitioning
fermentation process with a dodecane organic phase was used to trap the volatile
sesquiterpene amorphadiene [82]. In another study, a gas-phase bioprocess was
employed for isoprene production by using an extensively metabolically engineered
E. coli strain reaching a high titer of over 60 g/L, a volumetric productivity of 2 g/L,
and a yield of 11 % isoprene from glucose [22]. Numerous in situ product recovery
techniques such as pervaporation, perstraction, and gas striping have been reported
for the recovery of different kinds of compounds [83]. It can be expected that
fermentation process design will gain more attention for microbial isoprenoid
production in the future.

Optimization of the fermentation process is also a key factor for the viability of
the overall bioprocess. Inasmuch as metabolic engineering of microorganisms is
typically implemented in the process of using test tube or shake flask cultivation, a
superior strain developed in this process does not necessarily perform well in a
large-scale fermentation used in industrial production. Furthermore, an optimized
fermentation process will further increase the performance of the metabolically
engineered strains. Optimization of nitrogen delivery in the fermentation process
using an engineered E. coli strain further enhanced the titers of the sesquiterpene
amorphadiene, and up to 27 g/L amorphadiene were reached by using a dual
restriction of carbon and nitrogen supply in the fed-batch process [21]. In another
study, development of a fermentation process with ethanol feeding for the re-
engineered yeast CEN.PK2 strain further enhanced amorphadiene production and
led to the production of more than 40 g/L [43]. Moreover, during the fermentation
optimization or process scale-up it might be necessary to use integrative analysis
based on omics data to further identify metabolic engineering targets.

7 Outlook

Encouraged by recent advances, the production of isoprenoids by bacterial or yeast
host platforms holds great promise. There are also an increasing number of research
efforts on the molecular biochemistry and genetics of isoprenoid biosynthesis, and,
to some extent, on their biological functions. This not only expands the resources
for further exploitation, but also provides increasing opportunities for microbial
production of isoprenoids. However, most of the catalytic diversity of plant
enzymes is unexplored, because previous efforts have focused on a relatively small
number of species. One limiting factor lies therefore in the elucidation of the
biosynthetic pathways and identifying the appropriate genes. Of special note, ter-
pene-modifying enzymes typically belonging to the P450s family pose great
challenges in terms of both gene discovery and microbial expression. Advances and
decreasing costs in sequencing technology will accelerate the rate of exploring new
resources. Creating new enzymes by powerful protein engineering and directed
evolution is another direction, as reported for an engineered cytochrome P450 that
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catalyzes a reaction that is fundamentally different from the one catalyzed by the
natural enzyme [15]. This is expected to expand the range of isoprenoid products
that can be synthesized by microbial cell factories.

The past few years have witnessed several successful examples of industrial
production of isoprenoids in large-scale fermentation processes, such as isoprene,
valencene, amorphadiene, and farnesene, by either E. coli or S. cerevisiae host
platforms. However, expansion to many other isoprenoid products to become
industrially relevant will depend on the continued development of technologies.
Continuous efforts in systems biology to elucidate the complex regulatory and
metabolic networks with novel algorithms emerging will advance the predictive
potential of mathematical models, and thereby enhance the process for optimal
microbial factory development. Moreover, the progress in design and construction
of biological components in the field of synthetic biology will facilitate faster
construction and reliable and desirable control of metabolic pathways. It can be
predicted that new technologies and innovative combinations of new and existing
technologies will continue emerging, which will enable further development of
microbial factories for commercial isoprenoid production.

References

1. Bohlmann J, Keeling CI (2008) Terpenoid biomaterials. Plant J 54(4):656–669
2. Chang MC, Keasling JD (2006) Production of isoprenoid pharmaceuticals by engineered

microbes. Nat Chem Biol 2(12):674–681
3. Tippmann S, Chen Y, Siewers V, Nielsen J (2013) From flavors and pharmaceuticals to

advanced biofuels: production of isoprenoids in Saccharomyces cerevisiae. Biotechnol J 8
(12):1435–1444

4. Maury J, Asadollahi MA, Møller K, Clark A, Nielsen J (2005) Microbial isoprenoid
production: an example of green chemistry through metabolic engineering. Adv Biochem Eng
Biotechnol 100:19–51

5. Paddon CJ, Westfall PJ, Pitera DJ, Benjamin K, Fisher K, McPhee D, Leavell MD, Tai A,
Main A, Eng D, Polichuk DR, Teoh KH, Reed DW, Treynor T, Lenihan J, Fleck M, Bajad S,
Dang G, Dengrove D, Diola D, Dorin G, Ellens KW, Fickes S, Galazzo J, Gaucher SP,
Geistlinger T, Henry R, Hepp M, Horning T, Iqbal T, Jiang H, Kizer L, Lieu B, Melis D, Moss
N, Regentin R, Secrest S, Tsuruta H, Vazquez R, Westblade LF, Xu L, Yu M, Zhang Y, Zhao
L, Lievense J, Covello PS, Keasling JD, Reiling KK, Renninger NS, Newman JD (2013)
High-level semi-synthetic production of the potent antimalarial artemisinin. Nature 496
(7446):528–532

6. Guerra-Bubb J, Croteau R, Williams RM (2012) The early stages of taxol biosynthesis: an
interim report on the synthesis and identification of early pathway metabolites. Nat Prod Rep
29(6):683–696

7. Gao W, Hillwig ML, Huang L, Cui G, Wang X, Kong J, Yang B, Peters RJ (2009) A
functional genomics approach to tanshinone biosynthesis provides stereochemical insights.
Org Lett 11(22):5170–5173

8. Jennewein S, Rithner CD, Williams RM, Croteau RB (2001) Taxol biosynthesis: Taxane 13
alpha-hydroxylase is a cytochrome P450-dependent monooxygenase. Proc Natl Acad Sci USA
98(24):13595–13600

Y. Chen et al.



9. Zerbe P, Hamberger B, Yuen MM, Chiang A, Sandhu HK, Madilao LL, Nguyen A,
Hamberger B, Bach SS, Bohlmann J (2013) Gene discovery of modular diterpene metabolism
in nonmodel systems. Plant Physiol 162(2):1073–1091

10. Chen S, Xu J, Liu C, Zhu Y, Nelson DR, Zhou S, Li C, Wang L, Guo X, Sun Y, Luo H, Li Y,
Song J, Henrissat B, Levasseur A, Qian J, Li J, Luo X, Shi L, He L, Xiang L, Xu X, Niu Y, Li
Q, Han MV, Yan H, Zhang J, Chen H, Lv A, Wang Z, Liu M, Schwartz DC, Sun C (2012)
Genome sequence of the model medicinal mushroom Ganoderma lucidum. Nat Commun
3:913

11. Guo J, Zhou YJ, Hillwig ML, Shen Y, Yang L, Wang Y, Zhang X, Liu W, Peters RJ, Chen X,
Zhao ZK, Huang L (2013) CYP76AH1 catalyzes turnover of miltiradiene in tanshinones
biosynthesis and enables heterologous production of ferruginol in yeasts. Proc Natl Acad Sci
USA 110(29):12108–12113

12. Ro DK, Paradise EM, Ouellet M, Fisher KJ, Newman KL, Ndungu JM, Ho KA, Eachus RA,
Ham TS, Kirby J, Chang MC, Withers ST, Shiba Y, Sarpong R, Keasling JD (2006)
Production of the antimalarial drug precursor artemisinic acid in engineered yeast. Nature 440
(7086):940–943

13. Brustad EM, Arnold FH (2011) Optimizing non-natural protein function with directed
evolution. Curr Opin Chem Biol 15(2):201–210

14. Savile CK, Janey JM, Mundorff EC, Moore JC, Tam S, Jarvis WR, Colbeck JC, Krebber A,
Fleitz FJ, Brands J, Devine PN, Huisman GW, Hughes GJ (2010) Biocatalytic asymmetric
synthesis of chiral amines from ketones applied to sitagliptin manufacture. Science 329
(5989):305–309

15. Coelho PS, Brustad EM, Kannan A, Arnold FH (2013) Olefin cyclopropanation via carbene
transfer catalyzed by engineered cytochrome P450 enzymes. Science 339(6117):307–310

16. Coelho PS, Wang ZJ, Ener ME, Baril SA, Kannan A, Arnold FH, Brustad EM (2013) A
serine-substituted P450 catalyzes highly efficient carbene transfer to olefins in vivo. Nat Chem
Biol 9(8):485–487

17. Lauchli R, Rabe KS, Kalbarczyk KZ, Tata A, Heel T, Kitto RZ, Arnold FH (2013) High-
throughput screening for terpene-synthase-cyclization activity and directed evolution of a
terpene synthase. Angew Chem Int Ed 52(21):5571–5574

18. Hult K, Berglund P (2007) Enzyme promiscuity: mechanism and applications. Trends
Biotechnol 25(5):231–238

19. Dietrich JA, Yoshikuni Y, Fisher KJ,Woolard FX, Ockey D,McPhee DJ, Renninger NS, Chang
MCY, Baker D, Keasling JD (2009) A novel semi-biosynthetic route for artemisinin production
using engineered substrate-promiscuous P450(BM3). ACS Chem Biol 4(4):261–267

20. Yao YF, Wang CS, Qiao J, Zhao GR (2013) Metabolic engineering of Escherichia coli for
production of salvianic acid A via an artificial biosynthetic pathway. Metab Eng 19:79–87

21. Tsuruta H, Paddon CJ, Eng D, Lenihan JR, Horning T, Anthony LC, Regentin R, Keasling JD,
Renninger NS, Newman JD (2009) High-level production of amorpha-4,11-diene, a precursor
of the antimalarial agent artemisinin, in Escherichia coli. PLoS ONE 4(2):e4489

22. Whited GM, Feher FJ, Benko DA, Cervin MA, Chotani GK, McAuliffe JC, LaDuca RJ, Ben-
Shoshan EA, Sanford KJ (2010) Technology update: development of a gas-phase bioprocess
for isoprene-monomer production using metabolic pathway engineering. Ind Biotechnol 6
(3):152–163

23. Chang MC, Eachus RA, Trieu W, Ro DK, Keasling JD (2007) Engineering Escherichia coli
for production of functionalized terpenoids using plant P450s. Nat Chem Biol 3(5):274–277

24. Heider SA, Peters-Wendisch P, Wendisch VF (2012) Carotenoid biosynthesis and
overproduction in Corynebacterium glutamicum. BMC Microbiol 12:198

25. Zhou K, Zou R, Zhang C, Stephanopoulos G, Too HP (2013) Optimization of amorphadiene
synthesis in bacillus subtilis via transcriptional, translational, and media modulation.
Biotechnol Bioeng 110(9):2556–2561

26. Dai Z, Liu Y, Zhang X, Shi M, Wang B, Wang D, Huang L, Zhang X (2013) Metabolic
engineeringofSaccharomyces cerevisiae for productionof ginsenosides.MetabEng20:146–156

Enabling Technologies to Advance Microbial Isoprenoid Production



27. Zhu Z, Zhang S, Liu H, Shen H, Lin X, Yang F, Zhou YJ, Jin G, Ye M, Zou H, Zhao ZK
(2012) A multi-omic map of the lipid-producing yeast Rhodosporidium toruloides. Nat
Commun 3:1112

28. Shao Z, Zhao H, Zhao H (2009) DNA assembler, an in vivo genetic method for rapid
construction of biochemical pathways. Nucleic Acids Res 37(2):e16

29. Sd Kok, Stanton LH, Slaby T, Durot M, Holmes VF, Patel KG, Platt D, Shapland EB, Serber
Z, Dean J, Newman JD, Chandran SS (2014) Rapid and reliable DNA assembly via ligase
cycling reaction. ACS Synthetic Biology 3(2):97–106

30. Akada R, Kitagawa T, Kaneko S, Toyonaga D, Ito S, Kakihara Y, Hoshida H, Morimura S,
Kondo A, Kida K (2006) PCR-mediated seamless gene deletion and marker recycling in
Saccharomyces cerevisiae. Yeast 23(5):399–405

31. Kuijpers NG, Chroumpi S, Vos T, Solis-Escalante D, Bosman L, Pronk JT, Daran JM, Daran-
Lapujade P (2013) One-step assembly and targeted integration of multigene constructs assisted
by the I-SceI meganuclease in Saccharomyces cerevisiae. FEMS Yeast Res 13(8):769–781

32. Xu P, Vansiri A, Bhan N, Koffas MAG (2012) EPathBrick: a synthetic biology platform for
engineering metabolic pathways in E. coli. ACS Synth Biol 1(7):256–266

33. Datsenko KA, Wanner BL (2000) One-step inactivation of chromosomal genes in Escherichia
coli K-12 using PCR products. Proc Natl Acad Sci USA 97(12):6640–6645

34. Lin X, Wang Y, Zhang S, Zhu Z, Zhou YJ, Yang F, Sun W, Wang X, Zhao ZK (2014)
Functional integration of multiple genes into the genome of the oleaginous yeast
Rhodosporidium toruloides. FEMS Yeast Res doi:10.1111/1567-1364.12140

35. Martin VJ, Pitera DJ, Withers ST, Newman JD, Keasling JD (2003) Engineering a mevalonate
pathway in Escherichia coli for production of terpenoids. Nat Biotechnol 21(7):796–802

36. Pitera DJ, Paddon CJ, Newman JD, Keasling JD (2007) Balancing a heterologous mevalonate
pathway for improved isoprenoid production in Escherichia coli. Metab Eng 9(2):193–207

37. Maury J, Asadollahi MA, Møller K, Schalk M, Clark A, Formenti LR, Nielsen J (2008)
Reconstruction of a bacterial isoprenoid biosynthetic pathway in Saccharomyces cerevisiae.
FEBS Lett 582(29):4032–4038

38. Partow S, Siewers V, Daviet L, Schalk M, Nielsen J (2012) Reconstruction and evaluation of
the synthetic bacterial MEP pathway in Saccharomyces cerevisiae. PLoS ONE 7(12):e52498

39. Asadollahi MA, Maury J, Moller K, Nielsen KF, Schalk M, Clark A, Nielsen J (2008)
Production of plant sesquiterpenes in Saccharomyces cerevisiae: effect of ERG9 repression on
sesquiterpene biosynthesis. Biotechnol Bioeng 99(3):666–677

40. Asadollahi MA, Maury J, Schalk M, Clark A, Nielsen J (2010) Enhancement of farnesyl
diphosphate pool as direct precursor of sesquiterpenes through metabolic engineering of the
mevalonate pathway in Saccharomyces cerevisiae. Biotechnol Bioeng 106(1):86–96

41. Paradise EM, Kirby J, Chan R, Keasling JD (2008) Redirection of flux through the FPP
branch-point in Saccharomyces cerevisiae by down-regulating squalene synthase. Biotechnol
Bioeng 100(2):371–378

42. Keasling J, Newman J, Pitera D (2010) Method for enhancing production of isoprenoid
compounds. US 7670825 B2

43. Westfall PJ, Pitera DJ, Lenihan JR, Eng D, Woolard FX, Regentin R, Horning T, Tsuruta H,
Melis DJ, Owens A, Fickes S, Diola D, Benjamin KR, Keasling JD, Leavell MD, McPhee DJ,
Renninger NS, Newman JD, Paddon CJ (2012) Production of amorphadiene in yeast, and its
conversion to dihydroartemisinic acid, precursor to the antimalarial agent artemisinin. Proc
Natl Acad Sci USA 109(3):E111–E118

44. Renninger NS, McPhee DJ (2008) Fuel compositions comprising farnesane and farnesane
derivatives and method of making and using same. United States Patent

45. Peralta-Yahya PP, Ouellet M, Chan R, Mukhopadhyay A, Keasling JD, Lee TS (2011)
Identification and microbial production of a terpene-based advanced biofuel. Nat Commun
2:483

46. Chen Y, Daviet L, Schalk M, Siewers V, Nielsen J (2013) Establishing a platform cell factory
through engineering of yeast acetyl-CoA metabolism. Metab Eng 15:48–54

Y. Chen et al.



47. Chen Y, Siewers V, Nielsen J (2012) Profiling of cytosolic and peroxisomal acetyl-CoA
metabolism in Saccharomyces cerevisiae. PLoS ONE 7(8):e42475

48. Shiba Y, Paradise EM, Kirby J, Ro DK, Keasing JD (2007) Engineering of the pyruvate
dehydrogenase bypass in Saccharomyces cerevisiae for high-level production of isoprenoids.
Metab Eng 9(2):160–168

49. Krivoruchko A, Serrano-Amatriain C, Chen Y, Siewers V, Nielsen J (2013) Improving
biobutanol production in engineered Saccharomyces cerevisiae by manipulation of acetyl-
CoA metabolism. J Ind Microbiol Biotechnol 40(9):1051–1056

50. Kocharin K, Chen Y, Siewers V, Nielsen J (2012) Engineering of acetyl-CoA metabolism for
the improved production of polyhydroxybutyrate in Saccharomyces cerevisiae. AMB Express
2(1):52

51. Kozak BU, van Rossum HM, Benjamin KR, Wu L, Daran J-MG, Pronk JT, van Maris AJA
(2014) Replacement of the Saccharomyces cerevisiae acetyl-CoA synthetases by alternative
pathways for cytosolic acetyl-CoA synthesis. Metab Eng 21:46–59

52. Ajikumar PK, Xiao WH, Tyo KE, Wang Y, Simeon F, Leonard E, Mucha O, Phon TH, Pfeifer
B, Stephanopoulos G (2010) Isoprenoid pathway optimization for Taxol precursor
overproduction in Escherichia coli. Science 330(6000):70–74

53. Zhou YJ, Gao W, Rong Q, Jin G, Chu H, Liu W, Yang W, Zhu Z, Li G, Zhu G, Huang L,
Zhao ZK (2012) Modular pathway engineering of diterpenoid synthases and the mevalonic
acid pathway for miltiradiene production. J Am Chem Soc 134(6):3234–3241

54. Xu P, Gu Q, Wang W, Wong L, Bower AG, Collins CH, Koffas MA (2013) Modular
optimization of multi-gene pathways for fatty acids production in E. coli. Nat Commun 4:1409

55. Wu J, Du G, Zhou J, Chen J (2013) Metabolic engineering of Escherichia coli for (2S)-
pinocembrin production from glucose by a modular metabolic strategy. Metab Eng 16(1):48–55

56. Albertsen L, Chen Y, Bach LS, Rattleff S, Maury J, Brix S, Nielsen J, Mortensen UH (2011)
Diversion of flux toward sesquiterpene production in Saccharomyces cerevisiae by fusion of
host and heterologous enzymes. Appl Environ Microbiol 77(3):1033–1040

57. Dueber JE, Wu GC, Malmirchegini GR, Moon TS, Petzold CJ, Ullal AV, Prather KL,
Keasling JD (2009) Synthetic protein scaffolds provide modular control over metabolic flux.
Nat Biotechnol 27(8):753–759

58. Delebecque CJ, Lindner AB, Silver PA, Aldaye FA (2011) Organization of intracellular
reactions with rationally designed RNA assemblies. Science 333(6041):470–474

59. Conrado RJ, Wu GC, Boock JT, Xu H, Chen SY, Lebar T, Turnek J, Tomšič N, Avbelj M,
Gaber R, Koprivnjak T, Mori J, Glavnik V, Vovk I, Beninča M, Hodnik V, Anderluh G,
Dueber JE, Jerala R, Delisa MP (2012) DNA-guided assembly of biosynthetic pathways
promotes improved catalytic efficiency. Nucleic Acids Res 40(4):1879–1889

60. Farhi M, Marhevka E, Masci T, Marcos E, Eyal Y, Ovadis M, Abeliovich H, Vainstein A
(2011) Harnessing yeast subcellular compartments for the production of plant terpenoids.
Metab Eng 13(5):474–481

61. Avalos JL, Fink GR, Stephanopoulos G (2013) Compartmentalization of metabolic pathways
in yeast mitochondria improves the production of branched-chain alcohols. Nat Biotech 31
(4):335–341

62. Ma SM, Garcia DE, Redding-Johanson AM, Friedland GD, Chan R, Batth TS, Haliburton JR,
Chivian D, Keasling JD, Petzold CJ, Lee TS, Chhabra SR (2011) Optimization of a
heterologous mevalonate pathway through the use of variant HMG-CoA reductases. Metab
Eng 13(5):588–597

63. Asadollahi MA, Maury J, Patil KR, Schalk M, Clark A, Nielsen J (2009) Enhancing
sesquiterpene production in Saccharomyces cerevisiae through in silico driven metabolic
engineering. Metab Eng 11(6):328–334

64. Scalcinati G, Partow S, Siewers V, Schalk M, Daviet L, Nielsen J (2012) Combined metabolic
engineering of precursor and co-factor supply to increase alpha-santalene production by
Saccharomyces cerevisiae. Microb Cell Fact 11:117

Enabling Technologies to Advance Microbial Isoprenoid Production



65. Ehsani M, Fernández MR, Biosca JA, Dequin S (2009) Reversal of coenzyme specificity of
2,3-butanediol dehydrogenase from Saccharomyces cerevisae and in vivo functional analysis.
Biotechnol Bioeng 104(2):381–389

66. Alper H, Jin Y-S, Moxley JF, Stephanopoulos G (2005) Identifying gene targets for the
metabolic engineering of lycopene biosynthesis in Escherichia coli. Metab Eng 7(3):155–164

67. Patil KR, Rocha I, Forster J, Nielsen J (2005) Evolutionary programming as a platform for in
silico metabolic engineering. BMC Bioinform 6:308

68. Choi HS, Lee SY, Kim TY, Woo HM (2010) In silico identification of gene amplification
targets for improvement of lycopene production. Appl Environ Microbiol 76(10):3097–3105

69. Lewis NE, Nagarajan H, Palsson BO (2012) Constraining the metabolic genotype-phenotype
relationship using a phylogeny of in silico methods. Nat Rev Microbiol 10(4):291–305

70. Nielsen J, Jewett MC (2008) Impact of systems biology on metabolic engineering of
Saccharomyces cerevisiae. FEMS Yeast Res 8(1):122–131

71. Tyo KE, Kocharin K, Nielsen J (2010) Toward design-based engineering of industrial
microbes. Curr Opin Microbiol 13(3):255–262

72. Bordel S, Agren R, Nielsen J (2010) Sampling the solution space in genome-scale metabolic
networks reveals transcriptional regulation in key enzymes. PLoS Comput Biol 6(7):e1000859

73. Patil KR, Nielsen J (2005) Uncovering transcriptional regulation of metabolism by using
metabolic network topology. Proc Natl Acad Sci USA 102(8):2685–2689

74. Dahl RH, Zhang F, Alonso-Gutierrez J, Baidoo E, Batth TS, Redding-Johanson AM, Petzold
CJ, Mukhopadhyay A, Lee TS, Adams PD, Keasling JD (2013) Engineering dynamic pathway
regulation using stress-response promoters. Nat Biotechnol 31(11):1039–1046

75. Redding-Johanson AM, Batth TS, Chan R, Krupa R, Szmidt HL, Adams PD, Keasling JD,
Soon Lee T, Mukhopadhyay A, Petzold CJ (2011) Targeted proteomics for metabolic pathway
optimization: application to terpene production. Metab Eng 13(2):194–203

76. Fuhrer T, Heer D, Begemann B, Zamboni N (2011) High-throughput, accurate mass
metabolome profiling of cellular extracts by flow injection-time-of-flight mass spectrometry.
Anal Chem 83(18):7074–7080

77. Canelas AB, Harrison N, Fazio A, Zhang J, Pitkanen JP, van den Brink J, Bakker BM, Bogner
L, Bouwman J, Castrillo JI, Cankorur A, Chumnanpuen P, Daran-Lapujade P, Dikicioglu D,
van Eunen K, Ewald JC, Heijnen JJ, Kirdar B, Mattila I, Mensonides FI, Niebel A, Penttila M,
Pronk JT, Reuss M, Salusjarvi L, Sauer U, Sherman D, Siemann-Herzberg M, Westerhoff H,
de Winde J, Petranovic D, Oliver SG, Workman CT, Zamboni N, Nielsen J (2010) Integrated
multilaboratory systems biology reveals differences in protein metabolism between two
reference yeast strains. Nat Commun 1(9):145

78. Kizer L, Pitera DJ, Pfleger BF, Keasling JD (2008) Application of functional genomics to
pathway optimization for increased isoprenoid production. Appl Environ Microbiol 74
(10):3229–3241

79. Brennan TCR, Turner CD, Kromer JO, Nielsen LK (2012) Alleviating monoterpene toxicity
using a two-phase extractive fermentation for the bioproduction of jet fuel mixtures in
Saccharomyces cerevisiae. Biotechnol Bioeng 109(10):2513–2522

80. Dunlop MJ, Dossani ZY, Szmidt HL, Chu HC, Lee TS, Keasling JD, Hadi MZ,
Mukhopadhyay A (2011) Engineering microbial biofuel tolerance and export using efflux
pumps. Mol Syst Biol 7:487

81. Alper H, Moxley J, Nevoigt E, Fink GR, Stephanopoulos G (2006) Engineering yeast
transcription machinery for improved ethanol tolerance and production. Science 314
(5805):1565–1568

82. Newman JD, Marshall J, Chang M, Nowroozi F, Paradise E, Pitera D, Newman KL, Keasling
JD (2006) High-level production of amorpha-4,11-diene in a two-phase partitioning bioreactor
of metabolically engineered Escherichia coli. Biotechnol Bioeng 95(4):684–691

83. Stark D, von Stockar U (2003) In situ product removal (ISPR) in whole cell biotechnology
during the last twenty years. Adv Biochem Eng Biotechnol 80:149–175

Y. Chen et al.


	284 Enabling Technologies to Advance Microbial Isoprenoid Production
	Abstract
	1 Introduction
	2 Component Discovery
	3 Cell Factory Construction
	3.1 Host Selection
	3.2 Genetic Implementation

	4 Rational Design and Optimization
	4.1 Precursor Supply
	4.2 Pathway Balance
	4.3 Spatial Optimization of Metabolism
	4.4 Cofactor Engineering

	5 Computational and Omics-Aided Engineering and Optimization
	5.1 Computational Tool-Driven Optimization
	5.2 Omics-Based Technique Aided Optimization

	6 Novel Fermentation Process Design and Optimization
	7 Outlook
	References


