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Metabolic engineering approaches for production of
biochemicals in food and medicinal plants
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Historically, plants are a vital source of nutrients and
pharmaceuticals. Recent advances in metabolic engineering
have made it possible to not only increase the concentration of
desired compounds, but also introduce novel biosynthetic
pathways to a variety of species, allowing for enhanced
nutritional or commercial value. To improve metabolic
engineering capabilities, new transformation techniques have
been developed to allow for gene specific silencing strategies
or stacking of multiple genes within the same region of the
chromosome. The ‘omics’ era has provided a new resource for
elucidation of uncharacterized biosynthetic pathways, enabling
novel metabolic engineering approaches. These resources are
now allowing for advanced metabolic engineering of plant
production systems, as well as the synthesis of increasingly
complex products in engineered microbial hosts. The status of
current metabolic engineering efforts is highlighted for the in
vitro production of paclitaxel and the in vivo production of -
carotene in Golden Rice and other food crops.
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Introduction

For centuries, plants have been utilized as both a food
source and a source of active pharmaceutical agents. As of
2010, 75% of anti-bacterial compounds and 48.6% of anti-
cancer compounds were either a natural product or natural
product analog [1]. To aid in development and defense
against stress, plants synthesize hundreds of thousands of
compounds, many of which are produced through species-
specific and complex biosynthetic pathways [2]. For
instance, the shikimic acid pathway, non-mevalonate
(MEP) pathway and mevalonate (MVA) pathway lead to
diverse classes of compounds, which include the terpe-
noids, monoterpene indole alkaloids, isoquinoline alka-

loids, flavonoids and anthocyanins (Figure 1). Due to
their high degree of structural diversity, these compounds
have significant commercial value as pharmaceuticals,
nutraceuticals, dyes, fragrances, flavors and pesticides. In
addition to their commercial applications, many dietary
health benefits can be attributed to specific plant natural
products in popular food crops. For instance, the com-
pounds seen in Figure 1 are anti-cancer agents (vinblastine
and paclitaxel), analgesics (morphine), antioxidants (nar-
ingenin and delphinidin) and provitamins (B-carotene).

Although some valuable plant natural products with simple
structures are easily chemically synthesized (e.g., aspirin
and ephedrine), many have complex structures with
multiple chiral centers, making chemical synthesis both
difficult and commercially infeasible [3]. As a result, these
compounds are often produced through the exploitation of
native biological pathways using natural harvest (e.g.,
codeine, morphine and dietary food compounds), semi-
synthesis (e.g., paclitaxel), heterologous production (e.g.,
vanilla) or plant cell culture techniques (e.g., paclitaxel,
ginseng and anthocyanins) [4]. In these biological systems,
metabolic engineering can be used to manipulate flux
through both primary and secondary metabolic pathways,
allowing for the redirection of carbon flux towards products
of interest. This review focuses on the use of metabolic
engineering techniques for increasing the production of
valuable plant natural products in both medicinal plants
and food crops, allowing for decreased production costs
and/or increased food nutritional value.

Methods for gene transfer and expression
modification

To allow for metabolic engineering of a plant, the system
must be amenable to stable transformation. Traditional
gene transfer approaches (most commonly Agrobacterium
transformation and particle bombardment) have
advanced greatly over the last decade, allowing for the
development of reliable stable transformation methods
for many non-model plant species that were previously
recalcitrant [5]. Moving forward, much effort has focused
on advancing metabolic engineering technologies to allow
for transgenics without selective markers and integration
of genes in specific regions of the chromosome. Tradition-
ally, plants are transformed with a selective marker (typi-
cally an antibiotic or herbicide resistance, such as
kanamycin resistance (zps II) or hygromycin resistance
(hpt I1)), allowing for selection of successfully transformed
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Figure 1
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Examples of biosynthetic pathways leading to large classes of pharmaceutical or nutraceutical plant natural compounds. Arrows represent carbon flux
through a pathway starting from primary metabolism (shikimic acid and MEP/MVA pathways) and leading to classes of secondary metabolites.
Vinblastine and paclitaxel require precursors from both primary metabolic pathways as indicated by the arrows.

cells when efficiencies are low. Due to the risk of trans-
gene migration to weeds or pathogens, selection-free
transgenic systems are needed to meet regulatory and
biosafety requirements for genetically modified crops.
Selectable markers can be removed using techniques
such as co-transformation, site-specific recombination,
multi-autotransformation vectors, transposition systems
and homologous recombination, as recently reviewed [6].

Zinc finger nucleases (ZFNs) and transcription activator-
like effector nucleases (TALENSs) have been utilized to
allow for site-specific gene mutation, replacement or
integration through non-homologous end joining or hom-
ologous recombination. These artificial enzymes utilize a
DNA cleavage domain fused to a DNA binding domain

that can be programmed to target specific regions of the
genome. This enables directed mutagenesis of specific
genes for silencing, transgene targeting to increase
expression or stacking of multiple genes at a single loci
to improve genetic transmission over multiple gener-
ations. Zinc finger technology was first demonstrated in
plants with the model species Arabidopsis [7] and has
since been used to confer herbicide resistance in both
tobacco and Zea mays [8,9]. Recently, ZFNs were used to
stack genes conferring two herbicide resistances in
embryonic maize suspension cultures, allowing for co-
segregation of genes to progeny [10°]. TALEN technol-
ogy has been demonstrated in Arabidopsis [11], tobacco
[12°°], Brachypodium [13], rice [13,14], barley [15] and
Brassica [16]. In rice, TALENs were used to confer
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resistance to bacterial blight through introduction of
mutations in the bacterial blight susceptibility gene
Os11N3 [14]. The high efficiency of these systems can
allow for isolation of a transformant without the use of
reporter or selection genes. This was demonstrated in
tobacco protoplasts using TALENSs, where targeted gene
mutations and insertions were isolated without the use of
selective markers [12°°]. Whereas traditional silencing
strategies (hairpin or virus-induced gene silencing vec-
tors) often silence entire families of genes due to
sequence homology, ZFNs and TALENs can be
designed with enough specificity to target either single
or multiple copies of a redundant gene within a genome,
which was demonstrated using ZFNs in Glycine max
[17°°]. Recently, metabolic engineering strategies based
on the bacterial clustered, regularly interspaced, short
palindromic repeats (CRISPR)-associated systems have
been developed that offer an alternative to ZFNs and
TALENS for site-specific gene modification [18°]. This
system has been shown to effectively introduce targeted
genome modifications in  Arabidopsis [19], Nicotiana
benthamiana [19,20], rice and wheat [21], and has exciting
potential due to simplified genome targeting using chi-
meric RNA molecules.

Emerging tools for identifying metabolic
engineering targets

Once a stable transformation procedure has been estab-
lished, a metabolic engineering strategy must be ident-
ified. Metabolic engineering for increasing natural
product yield can be approached using two primary
strategies, depending upon the desired outcome. For
food crops, increasing the production of an entire class
of compounds is often beneficial, leading to enhanced
ability of a plant to adapt to the environment (e.g., pests,
temperature, drought, UV) or increasing the overall nutri-
tional value of a food product (e.g., antioxidant capacity,
vitamin production, fatty acid production). On the other
hand, it is often necessary to target specific compounds
within a biosynthetic pathway, allowing for increased
yield of a single product for medicinal or nutraceutical
applications. Typical metabolic engineering strategies for
this case include upregulation or silencing of specific
pathway genes, cooperative or competing pathway genes,
or transcription factors, as well as introduction of heter-
ologous genes to allow for production of non-native
compounds [22]. For these strategies, at least partial
characterization of the biosynthetic pathway for the com-
pound(s) of interest is required.

T'raditionally, there are several techniques that can be
used to identify and characterize genes within an unelu-
cidated pathway. These techniques include precursor
feeding, gene overexpression and inhibition, mutant
selection or differential gene expression studies using
elicitation to create varied phenotypic states. More
recently, there has been a large shift towards the use of

‘omics’ approaches, which take advantage of readily
accessible sequencing technologies. Since the sequen-
cing of the first plant genome, the model species Arabi-
dopsis, in 2000 [23], genomic data for over 25 crop species
have been published, with over half of them released
since 2012 [24]. Once a reference genome has been
established, high throughput sequencing technologies
can be used to identify genes responsible for specific
phenotypes through quantitative trait loci (QTL) and
genome-wide association studies (GWAS). Due to the
high degree of phenotypic variability in rice, GWAS could
be used to identify putative genes responsible for 14
phenotypic traits [25] as well as flowering time and grain
related traits [26].

For species where genomic data are unavailable, tran-
scriptomic analyses can identify putative biosynthetic
pathway genes through the use of differential expression
studies. Next-generation sequencing can be used in
RNA-sequencing (RNA-seq) experiments to collect tran-
scriptomic data on multiple samples from different tis-
sues, over time or undergoing different treatments,
allowing for identification of key genes involved in
specific cellular responses [27]. Utilizing RNA-seq data
from Catharanthus roseus, a metabolic pathway database,
CathaCyc, was generated, which allows for visualization
and interpretation of complex transcriptomic data [28].
For this model, a focus was placed upon relevant second-
ary metabolism (e.g., biosynthetic pathway for terpene
indole alkaloid (TTA) synthesis) and the metabolism of
plant hormones (e.g., biosynthetic pathway for jasmonic
acid, an elicitor of TIA production). The PhytoMetaSyn
Project has embarked on gathering transcriptomic data for
75 relevant medicinal plant species producing terpenoids,
alkaloids and polyketides [29,30]. The goal is to use these
data to elucidate the biosynthetic pathways for important
high value metabolites, allowing for reconstruction of
complete pathways in microbial systems. To date, tran-
scriptomic data have been collected for hundreds of non-
model plant systems [30]. These data sets will be crucial
to elucidation of uncharacterized metabolic pathways and
also allow for discovery of enzyme variants that can be
used in metabolic engineering and heterologous pro-
duction approaches. Recently, co-expression analysis of
transcriptomic data from C. roseus led to the discovery of
an alternative enzyme for the cyclization of terpenes,
highlighting the potential of these data sets for enzyme
discovery [31°°].

Utilizing data from metabolomic and proteomic analyses
(recently reviewed in [32]) can enhance the knowledge
gained from transcriptomic studies. For instance, analysis
of hairy root and suspension cultures of Oplhiorrhiza
pumila, which differentially accumulate secondary
metabolites, allowed for identification of putative genes
in monoterpene indole alkaloid (i.e., the anticancer drug
camptothecin) and anthraquinone biosyntheses [33]. The
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Medicinal Plant Genomics Consortium embarked on an
ambitious project to determine the genome, as well as
transcriptome and metabolome, for 14 key medicinal
plants, including C. roseus (source of anti-cancer agents
vinblastine and vincristine) and Camptotheca acuminate
(source of the anti-cancer agent camptothecin) (Med-
icinal Plant Genomics Resource; URL: http://medici-
nalplantgenomics.msu.edu/). Data from these studies
have been publicly released, dramatically increasing
the knowledge available for characterization of unelu-
cidated biosynthetic pathways for pharmaceutical
compounds.

Metabolic engineering advances for societal
impact

Taxus — in vitro production of paclitaxel

Paclitaxel, a potent anti-cancer compound originally
extracted from the bark of Taxus brevifolia, is currently
used in the treatment of ovarian, breast and lung cancers,
as well as AIDS-related Kaposi’s sarcoma [34]. Although
production utilizing Taxus plant cell culture is currently
commercially sustainable, research efforts have focused
on decreasing production costs through metabolic engin-
eering of Taxus cell cultures for enhanced yields and
heterologous expression of the paclitaxel biosynthetic
pathway in microbial hosts. Through precursor feeding,
hybridization probes and differential gene expression
studies, many of the 19 putative steps within the pacli-
taxel biosynthetic pathway have been fully characterized
[34,35] (Figure 2), although some key steps remain elu-
sive (e.g., oxetane ring formation). In addition, Taxus
culture transformation methods have been recently estab-
lished [36,37], allowing for metabolic engineering efforts
to proceed.

T'axadiene synthase (‘TASY), the first committed step in
paclitaxel biosynthesis, was upregulated in hairy roots of
Taxus X media, resulting in a 265% increase in paclitaxel
production over untransformed cultures [38]. In 7. c/hi-
nensis suspension cultures, upregulation of 10-deacetyl-
baccatin III-10 B-O-acetyltransferase, a key enzyme in
paclitaxel biosynthesis, resulted in a 1.7-fold increase in
paclitaxel production [39]. Although upregulation of key
pathway genes has led to an increase in paclitaxel pro-
duction, studies have shown that paclitaxel accumulation
is not entirely dependent upon biosynthetic pathway
transcript levels within a culture [40,41]. In Taxus suspen-
sion cultures, differences in the expression level of known
paclitaxel biosynthetic pathway genes were negligible or
minor for cell populations that accumulated up to a 15-
fold difference in paclitaxel [40]. These results suggest
the need for studies on regulatory mechanisms outside of
the biosynthetic pathway. Using particle bombardment,
9-cis-epoxycarotenoid dioxygenase, a key gene involved
in abscisic acid (ABA) biosynthesis (a regulator of the
plant stress response) was upregulated, resulting in a 48%
increase in ABA accumulation and a 2.7-fold increase in

paclitaxel accumulation [42]. To improve metabolic
engineering strategies, transcriptomic analyses have been
used to identify putative pathway genes, transcription
factors and other genes involved in the regulation of
paclitaxel biosynthesis [43—-46]. Recently, a transcriptome
was generated for Taxus X media cells during steady state
paclitaxel production (7 days after elicitation with
200 M methyl jasmonate) [47]. Although gene expres-
sion changes have been shown to return to basal levels
within four days after elicitation with methyl jasmonate
[41,48], the sequencing project was able to identify
putative genes within the paclitaxel biosynthetic path-
way, as well as proposed genes involved in paclitaxel
transport and degradation.

T'o allow for further characterization of putative genes, as
well as to exploit the fast growth and inexpensive sub-
strate utilization associated with microbial systems, the
first genes involved in paclitaxel biosynthesis have been
introduced into microbes [49-53]. Most notably, a com-
partmentalized system was used to balance the precursor
supply of geranylgeranyl diphosphate (GGPP) to the first
product, taxadiene, reducing the inhibitory effects of
indole accumulation and resulting in a yield of 1.02 g/LL
taxadiene [52]. This system was then used to successfully
express the first cytochrome P450 involved in paclitaxel
biosynthesis. After codon optimization, modification of
the N-terminal of the transmembrane region of the
protein and the generation of chimera enzymes fused
with a reductase, a final yield of 60 mg/L of taxadiene-5a-
ol was achieved [52]. To fully express the paclitaxel
biosynthetic pathway in E. co/i, the pathway must first
be fully characterized or alternate enzymes to produce the
same chemistries identified, which to date has not been
possible. In addition, the pathway includes multiple
cytochrome P450s, which require complex engineering
strategies for expression in E. co/i due to the need for a
complimentary reductase, inefficient cofactor pools and
improper folding, translation and insertion in the mem-
brane. A recent study utilized transcriptome and metab-
olite data from 10 diterpene accumulating species to
identify 46 putative diterpene synthase genes and over
400 putative terpenoid related cytochrome P450s [54°].
Although 7axus was not included in this study, the
methods utilized could be extended to the existing tran-
scriptome data to identify putative genes involved in the
biosynthesis of diterpenes, as well as paclitaxel.

Golden Rice — in vivo production of 3-carotene

Vitamin A deficiency affects an estimated 250 million
preschool children worldwide and can lead to night blind-
ness, xeropthalmia (dry eyes), keratomalacia, bone growth
deficiencies and a weakened immune system (World
Health Organization; URL: http://www.who.int/nutri-
tion/topics/vad/en/). B-Carotene, which can be found in
plant sources such as carrots, sweet potato, pumpkin and
kale, is a provitamin that can yield two molecules of
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Paclitaxel biosynthetic pathway. Solid arrows represent single steps within the biosynthetic pathway that have been fully characterized. Dotted arrows
represent multiple characterized and uncharacterized steps within the biosynthetic pathway.

retinoic acid (vitamin A) in the body [55]. An early
intermediate to B-carotene (GGPP) is present in native
rice, which, along with maize and wheat, is an important
food crop and is the main staple food crop for half of the
world’s population [56]. However, several fully charac-
terized genes are missing in the endogenous rice system
to transform GGPP to B-carotene (Figure 3), rendering
traditional breeding technologies ineffective for increas-
ing accumulation levels in this staple food crop.

Using metabolic engineering strategies, expression of a
daffodil phytoene synthase in the rice endosperm led to
an accumulation of the colorless carotene phytoene [57],
demonstrating the capability of rice to express genes in
the B-carotene biosynthetic pathway. To further convert
phytoene to the final product B-carotene, three plant
enzymes are required. In bacteria, a carotene desaturase
is capable of combining the activity of two of the plant
enzymes, simplifying the pathway (Figure 3). Two vec-
tors containing phytoene synthase and lycopene-f3-
cyclase from daffodil (Narcissus pseudonarcissus) as well

as the bacterial carotene desaturase from Erwinia uredo-
vora were expressed in the rice endosperm. This co-
expression resulted in the first line of Golden Rice, which
is yellow in color due to the accumulation of B-carotene
[58]. To increase accumulation levels, phytoene synthase
genes from multiple plant species were examined for
enhanced activity over the levels of the daffodil enzyme.
By replacing the phytoene synthase from daffodil with
one from maize (Zea mays), a 23-fold increase (37 pg B-
carotene per gram of rice) in carotenoid levels was
achieved, with high preference for B-carotene accumu-
lation (30 pg per gram of rice) [59].

In two separate studies, B-carotene produced in Golden
Rice was shown to have high bioavailability, where a 50 g
dry weight serving to children provides enough vitamin A
to meet >60% of the recommended daily allowance
[60,61]. This bioavailability is comparable to the bioavail-
ability of B-carotene in oil capsules, which are often used
in vitamin A supplementation strategies. In addition to
the development of Golden Rice, genetic engineering has

Current Opinion in Biotechnology 2014, 26:174-182
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B-Carotene biosynthetic pathway. Shown in brackets are: (a) the native pathway to GGPP in rice, (b) the pathway to B-carotene in plants and (c) the
alternative enzyme to B-carotene found in bacteria, which combines the activity of two plant enzymes (phytoene desaturase and ¢-carotene

desaturase) into carotene desaturase.

also been used to introduce B-carotene to other staple
cereals (maize, wheat and sorghum), Brassicas (canola and
cauliflower), root vegetables (carrot, potato, cassava and
sweet potato) and fruits (mango, banana, pumpkin, mel-
on, kiwifruit, and tomato) [62]. Recently, B-carotene
production was increased up to 36-fold in the fruit of
oranges through the silencing of the B-carotene hydroxyl-
ase gene, a gene responsible for the conversion of -
carotene to xanthophylls in the orange [63]. Additionally,
rice is being engineered for increased production of
folate, iron and amino acids to help combat nutritional
deficiencies in developing countries [56]. The main
limitations to the use of these metabolically engineered
food crops for fighting malnutrition is global regulation, as
well as consumer acceptance of engineered foods.

Future outlook

Metabolic engineering for the improved synthesis of
plant natural products offers significant promise for
decreasing production costs for commercial compounds
and increasing the nutritional value of food crops. One of
the major limitations to metabolic engineering of these
systems is the lack of fully elucidated plant biosynthetic
pathways. Although the ‘omics’ era has led to an enor-
mous increase in the data available, correct annotation

and functional characterization of enzymes is crucial to
the successful implementation of metabolic engineering
strategies. In addition, the complex interactions amongst
biosynthetic pathways and sophisticated regulatory
mechanisms further complicate engineering efforts. For
example, in C. roseus hairy root cultures, an increase in the
expression of a single gene (1-deoxy-D-xylulose synthase,
DXS) within the TIA biosynthetic pathway resulted in
mixed results; however, co-overexpression of two genes
(DXS with geraniol-10-hydroxylase or anthranilate
synthase « subunit) within the pathway led to a significant
increase in the accumulation of multiple TTA metabolites
[64]. As a result, more complex engineering strategies that
manipulate expression of multiple pathway genes and/or
regulators are necessary to balance flux towards the pro-
duct of interest [65]. Defining these strategies requires
detailed systems knowledge and sophisticated metabolic
models, which are presently lacking for plant systems.
Current stable transformation procedures are time con-
suming, making the development of high throughput
transformation procedures desirable, especially as meta-
bolic engineering schemes become more complex.
Finally, for implementation of these metabolically engin-
eered systems, it is important to have the regulatory
guidelines in place. For iz vitro systems, commercial
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successes, such as paclitaxel (Phyton Biotech, Inc.;
Ahrensburg, Germany) or glucocerobrosidase (Protalix,
Inc.; Carmiel, Israel), will help to pave the way for future
commercialization of plant cell culture production sys-
tems [4]. Similarly, successful implementation of meta-
bolically engineered crops, such as Golden Rice, will help
to standardize regulatory procedures as well as increase
consumer acceptance as the global impact of these nutri-
tionally enhanced staple foods is realized [66].
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