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The value associated with plant-derived products has spurred

efforts to engineer new production routes. One such option is

heterologous biosynthesis which requires reconstitution of a

biosynthetic pathway in a host that provides both innate and

developed cellular advantages relative to the native producer.

This review will summarize success to date in heterologously

producing plant-derived isoprenoid products when using hosts

such as E. coli and yeast. The article will also address the

significant challenges that face such efforts, the approaches

that have been used to overcome obstacles, and the tools of

metabolic engineering and synthetic biology being applied both

in the course of establishing heterologous biosynthesis and

optimizing final production metrics.
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Introduction
Plant-derived natural products have demonstrated notable

value which has, in turn, driven recent bioengineering

strategies to reconstitute biosynthesis through alternative

production hosts [1��,2��]. Such strategies attempt to lever-

age several different forms of information and technology.

For example, it is well-recognized that plant-derived com-

pounds have shown promise as pharmaceuticals, agro-

chemicals, cosmetics, fine chemicals, and nutraceuticals

[3,4]. However, the complexity of the compounds and their

native production hosts has severely hampered efforts at

rapid and large-scale production processes [5,6]. In

response, scientific and engineering advances related to

established fields such as metabolic engineering and emer-

ging fields such as synthetic biology have offered new
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opportunities for improved access to plant-derived com-

pounds and their strong potential [7,8].

Upon isolation of a compound from a plant host and

confirmation of a desirable property, the process then

begins towards dedicated production. The effort may

take advantage of the native plant host [9]. Alternatively,

upon elucidation of the compound’s structure, a chemical

synthesis strategy may be devised to produce the com-

pound [10,11]. However, these approaches can be diffi-

cult to implement in an economic fashion due to issues

such as the slow growth kinetics and low native titers from

the plant source and the structural complexity associated

with most plant-derived products.

As an alternative, one may turn to an experimentally

convenient heterologous host that would offer the poten-

tial to reconstitute biosynthesis [12,13]. Success would

address the challenges associated with the native plant

and chemical synthetic production routes. However, with

this approach comes a number of other significant chal-

lenges that must be addressed such as first, prerequisite

genetic sequence information; second, proper design of

the sequence information for active gene expression and

biosynthesis; and third, improved production metrics that

would allow for effective mass distribution. Though these

hurdles are substantial, the heterologous biosynthetic

approach is greatly aided by established and constantly

evolving technology to address both reconstitution and

scalable production. This concise review will provide an

updated account of efforts to generate complex plant

isoprenoid natural products using heterologous biosyn-

thesis. A special emphasis will be placed on advances,

including those associated with metabolic engineering

and synthetic biology, that have allowed and improved

success in such ventures.

Heterologous biosynthesis
Table 1 summarizes heterologous production efforts for

the isoprenoid plant-derived products lycopene, artemi-

sinin, and paclitaxel. Key trends include first, each series

of studies began with E. coli as a heterologous host, most-

likely representing the technical advantages and ease of

working with this host; second, a transition (particularly

with artemisinin) to other heterologous hosts, most-likely

representing some metabolic or biosynthetic advantage

the new host provides; third, the progression from heter-

ologous reconstitution to maximizing production, aided
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Table 1

Summary of efforts to produce plant-derived isoprenoid compounds (featuring lycopene, artemisinin, and paclitaxel) using heterologous

biosynthetic strategies

Compound Native

plant

Heterologous

host

Approach Year Reference

Lycopene Tomato E. coli Plasmid-based expression of heterologous carotenoid biosynthesis

genes from a photosynthetic bacterium

1990 [14]

S. cerevisiae Plasmid-based expression of heterologous carotenoid genes under

the control of native yeast promoters

1994 [15]

C. utilis Plasmid-based expression of heterologous carotenoid genes

combined with deletion of one ERG9 allele in a diploid strain together

with over-expression of a truncated 3-hydroxy-3-methylglutaryl-

coenzyme A reductase (HMGR) gene

1998 [16]

E. coli Overexpression of heterologous genes encoding 1-deoxy-D-xylose-

5-phosphate synthase (DXS)

1999 [17]

E. coli Directed evolution: mutant geranylgeranyl diphosphate synthase

(GGPPS) gene combined with over-expression of the genes for

isopentenyl diphosphate isomerase (IDI) and DXS

2000 [18]

E. coli Balanced supply of biosynthetic precursors and altered flux

distribution between glyceraldehyde 3-phosphate and pyruvate

2001 [19]

E. coli Genome-wide stoichiometric flux balance analysis used in conjunction

with combinatorial gene knockouts and global transposon library

2005 [20�]

E. coli Combination of over-expression targets identified by screening of

genomic libraries and knockout targets predicted by stoichiometric

modeling

2007 [21]

E. coli Multiplex Automated Genome Engineering (MAGE) used to modify 24

genetic components at once to optimize the 2C-methyl-D-erythritol-

4-phosphate (MEP) pathway

2009 [22�]

E. coli Chemically Inducible Chromosomal Evolution (CIChE) used to

establish plasmid-free, high-gene-copy chromosomal expression

2009 [23]

E. coli Flux scanning based on enforced objective flux (FSEOF) to identify

gene amplification targets

2010 [24]

E. coli High genetic stability during fermentation achieved by triclosan-

induced chromosomal evolution

2013 [25]

E. coli Vital intermediate phosphoenolpyruvate in the non-mevalonate

pathway enriched by deleting the genes encoding the carbohydrate

phosphotransferase system (PTS) to maximize lycopene and

amorphadiene production

2013 [26]

Artemisinin

(amorpha-4,

11-diene)

Artemisia

annua

E. coli Plasmid-based expression of heterologous S. cerevisiae genes

encoding the mevalonate pathway and a codon-optimized amorpha-

4,11-synthase (ADS)

2003 [27]

S. cerevisiae Plasmid- and chromosomal-based expression of ADS gene from A.

annua

2006 [28]

S. cerevisiae An engineered mevalonate pathway and novel cytochrome P450

monooxygenase (CYP71AV1) from A. annua that performs a three-

step oxidation

2006 [29]

E. coli Two-phase partitioned bioreactor optimization for enhanced

production

2006 [30]

E. coli Balancing enzyme activity in a heterologous mevalonate pathway 2007 [31]

Streptomyces

avermitilis

Biosynthetic amorphadiene pathway with minimal genome and

synthetic genes optimized for expression

2010 [32]

S. cerevisiae Co-engineering mitochondrion-targeted heterologous farnesyl

diphosphate synthase (FPPS) and ADS with a truncated and

deregulated HMGR

2011 [33]

S. cerevisiae Demonstration of full artemisinic acid biosynthetic pathway and a

semi-synthetic route to artemisinin

2013 [2��]

Bacillus subtilis A two-promoter system coupled with protein translation engineering

and systematic media optimization

2013 [34]

Paclitaxel

(Taxadiene)

Taxus brevifolia E. coli Plasmid-based expression of genes encoding IDI, DXS, GGPPS, and

taxadiene synthase (TXS)

2001 [35]

S. cerevisiae Expression of the first portion of the paclitaxel biosynthetic pathway 2006 [36]

S. cerevisiae Introduction of an alternate GGPPS from Sulfolobus acidocaldarius

and a codon-optimized TXS from Taxus chinensis

2008 [37�]

E. coli Modular-multivariate engineering of substrate and biosynthetic

pathways

2010 [1��]
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significantly by emerging technology; fourth, improved

production strategies featuring both direct (specific

pathway alteration) and indirect (mutagenesis-based)

methodologies. Directed strategies of improving cellular

productivity consistently feature metabolic engineering

and synthetic biology.

The application of metabolic engineering and
the introduction of synthetic biology
The simplest application of heterologous biosynthesis

involves the direct transplantation of genetic components

or pathways to the foreign host. However, this process will

be complicated by differences in cellular backgrounds

between the native and new hosts. Addressing such

concerns saw the application of two fields particularly

applicable to heterologous biosynthesis.

Metabolic engineering and synthetic biology have seen

ready application to the heterologous production of plant-

derived (and other) natural products from microbial sys-

tems. Aiding this development has been impressive tech-

nical breakthroughs in genome sequencing and

annotation, DNA synthesis, chromosomal engineering,

and analytical capabilities (including omics characteriz-

ation methods) [38–42]. Returning to the context of

reconstituted biosynthesis, oftentimes expression

parameters must be adjusted for the new host. Promoters,

regulation elements, chaperonins, and process conditions

have all been used to help ensure successful prerequisite

protein activity needed for biosynthesis [13,43]. As tools

and technology began to mature and synthetic biology

became more defined in the context of such efforts,

approaches featured a range of promoters, operators,

inducers, and gene designs (including the dedicated

synthesis of genes for microbial codon usage) for the

purpose of not only allowing for production but to begin

the process of optimization [44]. Metabolic engineering

saw early applications to heterologous biosynthesis in the

designed provision of cellular substrates needed to ensure

enzymatic activity [35,45]. Together, both fields found

ready application to the heterologous reconstitution of

foreign compounds through genetically-tractable

microbial hosts (Table 1).

Once biosynthesis of a desired product has been accom-

plished, the same metabolic engineering and synthetic

biology fields used to establish product formation can be

dedicated to overproduction. This goal is always desirable

to drive down eventual costs of the final compound.

However, overproduction becomes critical for those com-

pounds that support applications tethered to large popu-

lations (i.e. commodity products or therapies for

developing nations). Metabolic engineering strategies

often take a holistic view to the cellular system (aided

by information provided by omics characterization) with

the goal of maximizing carbon, reducing units, and energy

for product formation [46]. As introduced above, synthetic
Current Opinion in Plant Biology 2014, 19:8–13 
biology tools can be applied to the individual components

of a biosynthetic system, particularly when they have

been identified as rate-limiting through metabolic engin-

eering characterization.

With reference to Table 1, we will now highlight specific

applications of metabolic engineering and synthetic

biology in the context of plant-derived products from

microbes. The three examples profiled share a common

origin in the isopentenyl diphosphate (IPP) and dimethy-

lallyl diphosphate (DMAPP) precursors that must be

provided in non-limiting amounts for maximal pro-

ductivity. Metabolic engineering was applied to the

two possible options natively capable of precursor supply:

the mevalonate (MVA) and non-mevalonate (MEP) path-

ways (Figure 1). Interestingly, these efforts saw the

successful transplantation of the MVA pathway, a staple

of eukaryotic metabolism, to the E. coli cellular back-

ground natively harboring non-mevalonate metabolism.

Precursor supply then prefaced downstream poly-iso-

prene biosynthesis. Additional metabolic engineering

approaches (that spanned both experimental and compu-

tational themes) saw initial and very successful appli-

cation to lycopene biosynthesis. In the cases of

artemisinin and paclitaxel, however, a dedicated terpene

synthase was required to begin the biosynthetic steps to

final products. Initiating production was challenging

because of the foreign nature of the transplanted genes,

made more difficult because of their plant origins. Codon

optimization, using the rapidly developing gene synthesis

protocols fundamental to synthetic biology, was thus

employed in providing successful gene expression. Com-

plicating the process further were the next series of

reactions crucial to artemisinin and paclitaxel formation

which required plant P450 enzymes. These genes con-

tained cellular localization sequences that were particu-

larly irrelevant in bacterial cellular backgrounds. As such,

additional gene synthesis and expression tools played

important roles in providing bacterial expression and

activity. Alternatively, yeast systems were utilized for

P450 expression to leverage cellular features that more

closely resembled plant cells. Success in both bacterial

and yeast host systems has set the stage for additional

efforts in reconstitution and has also led to the g/L

production of paclitaxel and artemisinin intermediates.

Of note, the semi-synthetic heterologous production-

based process for artemisinin has reached commercial

application.

Future directions
The ultimate objective in heterologous production of

plant-derived products is the rapid and robust access to

the desired compound. Initiating the process requires a

genetic pathway to the compound of interest. This path-

way may already exist or there may be the option of

rationally building the pathway from genes/enzymes with

known functionality [47,48]. Genomic and metabolic
www.sciencedirect.com
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Figure 1

DXS IspD IspF

IDI 

GGPPS 

GGPP 
Taxadiene

IPP 

DMAPP 

TXS 

2x 

IDI 
FPPS 

Taxol
(Anticancer)

MVA upstream pathway 

MEP upstream pathway 

Artemisinin
(Antimalarial)

Lycopene
(Nutraceutical)

Carbon
Source

DMAPP 

AACS 

AACT 

HMGS 

ATP/CoA AACL 

Acetyl-CoA 

HMGR 
MVK 

PMK 

PMD 

ATP 
ATP 

Amorpha-4,11-diene

FPP

Taxadien-5α-ol Baccatin III 

Taxadien-5α-
hydroxylase

CPR 

Phytoene

NADPH ADS

CrtB

CrtI

ProductionPlant native host Access 

Sequence information 

Current Opinion in Plant Biology

Plant-derived isoprenoid heterologous biosynthetic pathway elucidation and reconstruction process featuring lycopene, artemisinin, and paclitaxel.

IspD: 4-diphosphocytidyl-2-C-methyl-D-erythritol synthase; IspF: 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; CrtB: phytoene synthase;

CrtI: phytoene desaturase; CPR: taxadien-5a hydroxylase redox partner, Taxus cytochrome P450 reductase; AACS: acetoacetyl-CoA synthase; AACT:

acetoacetyl-CoA thiolase; AACL: acetoacetyl-CoA ligase; HMGS: hydroxymethylglutaryl-CoA synthase; MVK: mevalonate kinase; PMK:

phosphomevalonate kinase; PMD: mevalonate diphosphate decarboxylase.
knowledge will allow pathway identification, greatly aided

by the ever-increasing improvements in sequencing tech-

nology and metabolic deduction of the desired pathways/

compounds.

Once identified, the pathways must be constructed for

expression. In this capacity, synthetic biology will play a

crucial role. Design rules are emerging for the genetic

parameters accompanying the expression of entire path-

ways. These will continue to develop, aided by improve-

ments in gene synthesis towards the streamlined

construction of pathways capable of heterologous biosyn-

thesis.

The foreign host choice is also an evolving component of

the heterologous biosynthetic scheme and is a function of

experience, technical advantages, and appropriate utility.

As one example, E. coli, perhaps the most technically-

advanced of heterologous host choices, has been used

extensively for plant-derived heterologous production

efforts. However, efforts that require P450 gene expres-

sion and protein activity often rely on yeast hosts [49].

The ‘correct’ choice is a matter of balancing advantages

and challenges associated with these and other host

options. Alternatively, there are options that may include

step-wise heterologous transformations that utilize both

hosts (E. coli in one transformation followed or preceded

by yeast in other transformations). More recently, the

concept of host generation has been imagined, in which a

new host is built from the bottom up, dictated by a
www.sciencedirect.com 
synthetic genome that is designed for both cellular func-

tion and heterologous production [50�].

Establishment of heterologous biosynthesis, depending on

the initial production levels, is often insufficient. Instead,

improvements to production metrics must be made. In this

capacity, metabolic engineering tools that include both

computational and experimental means of quantifying and

redirecting cellular fluxes to the desired compound are

utilized to improve specific productivity [1��]. Process

engineering can then be used to improve volumetric

productivities through approaches that include vessel scal-

ing (and the use of sophisticated bioreactor designs and

processes) and medium optimization (including statistical

design of experiment approaches). The end goal of each

level of engineering is efficient and maximized production

of the new product, with an overall objective to seamlessly

access and translate the value of plant-derived products to

application and widespread utilization.
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