
organelles. Addressing these areas of basic re-
search, a renewed focus on characterizing the
subtleties of lipid metabolism among natural
and GM plants, and improved gene stacking
and gene editing technologies should enable en-
gineers of the next generation of GM plants to
make better use of the lipidome for the ben-
efit of all.
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REVIEW

Plant metabolism, the diverse
chemistry set of the future
Eleanore T. Wurtzel1,2* and Toni M. Kutchan3*

New technologies are redefining how plant biology will meet societal challenges in health,
nutrition, agriculture, and energy. Rapid and inexpensive genome and transcriptome
sequencing is being exploited to discover biochemical pathways that provide tools needed
for synthetic biology in both plant and microbial systems. Metabolite detection at the
cellular and subcellular levels is complementing gene sequencing for pathway discovery and
metabolic engineering. The crafting of plant and microbial metabolism for the synthetic
biology platforms of tomorrow will require precise gene editing and delivery of entire
complex pathways. Plants sustain life and are key to discovery and development of new
medicines and agricultural resources; increased research and training in plant science will
accelerate efforts to harness the chemical wealth of the plant kingdom.

F
rom the ancient valleys of Mesopotamia to
the Amazonian rainforests, mankind has
sought plants for food and nutrition, bio-
materials for living, and treatment of pain
anddisease. Traditionalmedicineworldwide

has relied on the medicinal properties of plants,
such as the opium poppy, Papaver somniferum,
first cultivated by the Sumerians in 3400 B.C.E.
Plant extracts provided ceremonial dyes, such as
henna from Lawsonia inermis, still in use today,
and the essential oils such as rose oil have pro-
vided sensual pleasure since antiquity. Cotton
fibers from Gossypium plant species were first
woven into clothing thousands of years ago, and
papyrus used for writing in ancient Egypt evolved
into the paper industry of today. Selected exam-
ples of this structural diversity and for which use
humanity has exploited it are given in Fig. 1.
The chemical diversity of plants is enormous.

Plants evolved the biosynthesis of a cornucopia
of novel chemicals to survive and communicate
in a complex ecological environment. Although
some plant chemicals are sharp or bitter tast-
ing (glucosinolates and pyrrolizidine alkaloids)
to deter herbivory, others such as anthocyanins
and carotenoids are brightly colored flower pig-
ments that attract pollinators. Chemicals that are
cytotoxic or otherwise physiologically active in
mammals are used, for example, as pain-killers,
chemotherapeutics, and other drugs. All of these
plant chemicals aremade through species-specific,
specialized biochemical pathways thatmodifyme-
tabolites of primarymetabolism.Aplethora of new
chemicals and metabolic pathways are likely hid-
den inplant genomesawaitingdiscovery.Although
structures for 200,000natural products are known,
only 15% of the estimated 350,000 plant species
have been investigated for their chemical con-

stituents (1). This estimate suggests that a relatively
small percentage of the chemical space present in
the plant kingdomhas been discovered.With every
new enzyme and underlying gene discovered, there
is potential for a biochemical reaction that can
improve modern medicine, human and animal
health, bioenergy, and agriculture.
In this review, we present recent examples of se-

lected exciting technologies that are transforming
how we study plant metabolism and how we im-
plement these discoveries to develop the plants and
microbes of tomorrow. Although the pace of pro-
gress during the past several years has accelerated,
there are still challenges to bemet in order to fully
harness the chemical wealth of the plant kingdom.

Accelerating pathway discovery

Inexpensive DNA sequencing, together with com-
putational tools for genome assembly, have re-
volutionized pathway discovery in plants. The
relatively small number of sequenced genomes
revealed a surprising distribution of genes encod-
ing specialized biochemical pathway enzymes (2).
For a growing number of pathways, enzymes are
encoded in clustered genomic regions (2) having
shared chromatin signatures to coordinate expres-
sion (3). Pathways are also encoded by unlinked
genes or a combination of linked and unlinked
genes. Specialized plant chemicals function to com-
municate with the ecological environment, and en-
vironmental cues are likely necessary to regulate
expression of certain pathways, whether organized
in clusters or randomly throughout a genome. The
breadth of the chemical space of plants is not
known, in part because of reliance on environmental
signals for the expression of some pathways. This
clustered genome feature can be exploited to iden-
tify silent pathways or pathways expressed at levels
so low that the metabolites that they produce accu-
mulate below our current levels of chemical detec-
tion and have remainedundiscovered.Development
of computational methods that link chromatin
signatures with transcript and metabolite profiles
will accelerate discovery of unknown pathways
encoded by gene clusters. Development of facile
heterologous expression platforms will enable
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functional expression of the large number of genes
(20 to 30) required to validate and exploit the bio-
synthetic pathways to complex plant chemicals.
Recent examples of discovery of clustered bio-

chemical pathway genes illustrate that, given a
high-quality genome sequence assembly, biochem-
ical pathways that have long been studied but not
completely elucidated at the enzyme and gene
levels can be efficiently solved and exploited. Bio-
informatic interrogation of genomes of the Sola-
naceae led to identification of genes encoding
enzymes for biosynthesis of steroid alkaloids in

two clusters and coexpressed on the genomes of
tomato (a-tomatine) and potato (a-solanine). One
gene, GAME4, encoding a cytochrome P450 along
the common steroid alkaloid pathway, was then
used to engineer potato tubers and tomato fruitwith
reduced steroid alkaloids (4).When a high-quality
genome is not yet available, insight into specialized
metabolism can be gained from the combined use
of a draft genome together with transcriptome and
metabolite data, as illustratedwith indole alkaloids
in Madagascar periwinkle, Catharanthus roseus.
Thismedicinal plant produces a suite of biologically

activemonoterpene indole alkaloids, including the
anticancer compounds vincristine and vinblastine
(5). Genes encoding knownprecursors and interme-
diates for biosynthesis of monoterpene indole
alkaloids were found coexpressed and clustered
on the genome. Genic sequences interspersed
among and flanking the known genes encode en-
zymes and transporters thatmay be candidates for
the yet-unknown enzymes of vincristine biosyn-
thesis and transporters that are required to move
intermediates along the multicellular pathway to
monoterpenoid indole alkaloids.

Genetic and biochemical variationwithin a plant
species can be used to identify genes associated
with phytochemicals. This approachwas elegantly
demonstrated early on with limited transcript
and metabolite data sets with the identification
of flavonoid biosynthetic genes and transcription
factors in redandgreenPerilla frutescens and,more
recently, using large omic data sets in perilla, Ara-
bidopsis, and Oryza sativa (6, 7). Transcriptome
and carotenoid analysis of a maize germplasm
collection helped pinpoint key enzymes for opti-
mizing provitamin A carotenoids. Additional ge-

nome association analysis led to development of
molecular markers for breeding high provitamin
A crops needed to address global vitamin A defici-
ency (8). Genome-wide association study of a germ-
plasm diversity collection led to discovery of nine
clustered genes that encode enzymes that catalyze
formation of the bitter triterpenoid cucurbitacin
of wild cucumber. Further analysis revealed an-
other genome location encoding two transcrip-
tion factors that regulate the pathway gene cluster
(9). Insights into the domestication process and
the observation that certain varieties of cucumber

become bitter when exposed to cold can now be ex-
ploited in breeding. In the search for genes related
to scent production of roses, Rosa × hybrida rose
varieties differing in scent profiles were examined
for differentially expressed genes. A candidate gene
was linked to a scent-related terpenoid that is syn-
thesized by a novel pathway not found in other
plants producing the identical compound (10).
This gene can be used in breeding scent back into
modern rose cultivars that have largely lost the
aromatic properties of their predecessors. Having
a repertoire of enzymes that are structurally unique
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but perform the same biochemical transformation
also expands the palette formetabolic engineering.
The more enzymes that are discovered and char-
acterized that have novel catalytic mechanisms
and steady-state kinetic properties, the greater
the potential for developing synthetic biology
systems for known and novel chemicals.
Although high-quality genome sequencing and

assemblyare still a challengewith the largegenomes
ofmany plants, metabolite and transcriptome data
are now easily obtained for any plant, changing
the paradigm for biosynthetic pathway discovery.
Computational interrogation of large-scale tran-
scriptomes andmetabolomes of plant tissues has
revealed that many genes encoding pathway en-
zymes are coexpressed with each other and with
accumulation of pathway metabolites. Pathway elu-
cidation is no longer limited to a handful of model
plants or to simple biochemical pathways but is a
reality for the most complex pathways and for the
entire plant kingdom, including rare or endan-
gered species. As an example, the medicinal plant,

Podophyllum hexandrum (mayapple) produces the
chemotherapeutic etoposide. Four of the etoposide
biosynthetic stepswere known, and six otherswere
predicted, on the basis of putative chemical trans-
formations. Investigatorsminedmayapple transcrip-
tomedata using bioinformatic tools for coexpression
analysis, and selected candidate genes to fill path-
way gaps for predicted biochemical transforma-
tions (11). Elucidating pathways to commercially
relevant complex plant chemicals can now be ac-
celerated by high-throughput nucleotide sequenc-
ing and coexpression analysis, but the challenges
associated with complex genomes, low expression
levels of genes, and low accumulation levels of
metabolites limit the number of metabolites that
can be investigated using these technologies. In
addition, algorithms used to interrogate these
data sets still require human curation.

Peering into the single cell

Biosynthesis of some metabolites, such as medi-
cinal alkaloids, can be compartmentalized across

various subcellular locations in multiple, special-
ized cell types and can require a dedicated traf-
ficking mechanism (12). Moreover, the induction
of alkaloid biosynthesis may be linked to devel-
opmental changes signaled through interactions
between plants and other organisms. A better
understanding of how development and metab-
olism interconnect and are regulated could have
far-reaching impact on the fields of chemical
ecology, agriculture, andmetabolic engineering. For
example, association between rhizobial bacteria and
legume hosts elicits formation of nitrogen-fixing
nodules in roots, which in the plant Crotalaria is
accompanied by induction of plant enzymes that
catalyze formation of antiherbivore defense com-
pounds, the pyrrolizidine alkaloids. The alkaloids
synthesized in the root nodules are subsequently
transported to the aboveground parts of the
plant (13). Whole-plant or whole-organ metabo-
lite analysis is insufficient to capture such com-
partmentalization. To optimally match genes
with metabolites, instrumentation sensitivity

and spatial resolution must discern
compartment-specific metabolites. Re-
cent advances in single-cell metabo-
lite detection and quantification have
greatly improved the opportunity to
dissect pathwaymetabolites with tem-
poral and spatial resolution. Metabo-
lite analysis is conductedusing an array
of complementary analytical instru-
mentation, each of which offers cer-
tain advantages [reviewed in (14, 15)].
Compounds can be identified within
complex mixtures (16), and chemical
structures can be elucidated from rela-
tively small amounts of extracted sam-
ples (17). To obtain a spatial map of
metabolites in situ, the current meth-
od of choice for nonvolatile compounds
is matrix-assisted laser desorption ion-
ization mass spectrometry imaging
(MALDI-MSI) (Fig. 2A). Using MALDI-
MSI, together with a time-of-flight ana-
lyzer, flax specialized metabolites could
be analyzed at 20-mm resolution (18),
which affords cellular resolution, as a
typical plant cell hasadiameter of 50mm.
Using this same technology allowed
analysis of various lipid structures in
a single cotton seed and revealed an
unexpected cell-type compositional
variation (19). Improved beam-delivery
optics have increased spatial resolu-
tion to 5 mm (20), which approaches
subcellular resolution andwould facil-
itate an analysis of subcellular metab-
olite trafficking that is a component
of most metabolic pathways. The pro-
mising method of laser-ablation elec-
trospray ionization mass spectrometry
utilizes fresh tissue without pretreat-
ment, as required byMALDI-MSI, but
offers only 200-mmresolution (21),which
currently suffices only for tissue-level
analyses. Anothernondestructivemeth-
od for three-dimensional metabolite
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PLANT TRANSLATIONAL BIOLOGY 

 o
n 

Se
pt

em
be

r 
15

, 2
01

6
ht

tp
://

sc
ie

nc
e.

sc
ie

nc
em

ag
.o

rg
/

D
ow

nl
oa

de
d 

fr
om

 

http://science.sciencemag.org/


analysis combines confocal microscopy with Ra-
man spectroscopy to link subcellular architecture
with chemical composition at the submicron
level (22, 23). To build a more complete cellular
and subcellular model of biochemical pathway
components, large-scalemass spectrometry–based
proteomic efforts are cataloging enzyme loca-
tions at the cellular and subcellular level (24),
which complements that achieved for metabo-
lites. For rational engineering, it is important
to elucidate dynamics of pathway metabolon as-
sembly, including how scaffold proteins affect
enzyme allostery in complexes and how pro-
tein modification controls enzyme function
in vivo. Proteomic surveys, however, do not always
detect all pathway components or distinguish
among enzyme variants. Alternatively, the effect
of sequence variation can be examined in planta
by confocal microscopy using transient expres-
sion of plant genes fused to fluorescent tags
to track subcellular localization (25). Together
with large-scale protein and metabolite profil-
ing, the complementary use of cell biological
tools contributes to elucidating the dynamic struc-
tural organization of pathway components. Cou-
pled with single-cell transcriptomics, single-cell
metabolite analysis aids in linking metabolites
to the genes that underlie biosynthesis and path-

way regulation by reducing the size of omic
data sets and, thereby, simplifying computa-
tional analysis.

Building biochemical factories

The speed with which we can elucidate biosyn-
thetic pathways to plant natural products is
ever increasing, especially with implementation
of the exciting new technologies just described.
Synthetic biology platforms in microbes and
plants are now driving production of plant nat-
ural products. With elucidation of complete bio-
synthetic pathways to selected commercially
valuable plant natural products, production
platforms in Escherichia coli, Saccharomyces
cerevisiae, Nicotiana benthamiana, Camelina
sativa, and Populus hybrids are being devel-
oped (Fig. 3). Synthetic metabolic networks
are designed with biosynthetic enzymes that
originate from plants and other organisms, such
as microbes and mammals. Endogenous host
pathways can be constructed on scaffolds to im-
prove flux into new pathways that produce use-
ful chemicals. For example, artemisinin, a potent
antimalarial from the plant Artemisia annua L,
is costly and difficult to obtain by chemical syn-
thesis. Plant genes encoding key enzymes for
biosynthesis of artemisinic acid, the immediate

precursor for artemisin had been previously
identified. To create yeast cells that secrete
artemisinic acid that can be chemically con-
verted to the antimalarial drug, a synthetic path-
way was constructed by tethering plant metabolic
enzymes to a yeast scaffold (26). The artemisinic
acid thus formed was secreted and retained out-
side the yeast cells. Secretion of metabolic products
not only facilitates end-product purification but
also reduces toxicity to the host cell, a feature
that is certain to be further exploited by use of
efflux transporters that could be endogenous (27),
synthetic, or an existing metabolite transporter
from plants.
The most recent synthetic biology successes

are reported for the benzylisoquinoline alkaloids
and lignans, a consequence of the extensive knowl-
edge attained on the enzymes and genes and
to the pharmacological importance of selected
members of these classes of natural products.
Although not yet optimized, thebaine and re-
lated opiate alkaloids have been produced in
yeast (6.4 mg/l thebaine; 0.3 mg/l hydrocodone) (28)
and bacteria (2.1 mg/l thebaine) (29) with the
melding of more than 20 genes from plants,
mammals, bacteria, and yeast. These examples
are a first demonstration of engineering path-
ways to complexalkaloids from glucose or glycerol;
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commercial feasibility requires that at least 5 g/l
be achieved. The entire pathway of 10 genes to
the chemotherapeutic etoposide aglycone was
successfully reconstructed and validated in tobacco
(< 1 ng/mg dry weight) (11). As for the opiates,
the levels of drug achieved are far from commer-
cially viable levels, but demonstrate proof of
concept. Vanillin, the most important flavor and
fragrance component of vanilla extracted from
cured pods of the vanilla orchid, is commercially
biotechnologically produced using bacteria, fungi,
andyeast (30). The synthetic pathway to yet another
flavor and fragrance chemical 2-phenylethanol
has been introduced into hybrid poplar with
~4% accumulation in leaf and stem of 4-month-
old plants (31). Woody plants can accumulate
up to 60% phenylpropanoid-derived chem-
icals in heartwood and this example suggests
that trees may serve as platforms for produc-
tion of commodity chemicals. (4S)-Limonene
and (+)-d-cadinene have been produced in seed
of C. sativa (~1.4% dry weight), thereby demon-
strating the utility of an oilseed as a host for chem-
ical production (32).

Biochemical engineering of the future

For rational engineering of biosynthesis of plant
chemicals, pathway flux reflective of cellular and
subcellular metabolism within a metabolic net-
work needs assessment. Now, we mostly work
with an enzyme “parts list.” Even if the concen-
tration of an enzyme in situ is known, the level of
that enzyme is not indicative of enzymatic ac-
tivity and does not directly inform on a rate-
limiting biosynthetic step or on biochemical
regulation. To better understand how carbon
progresses through metabolism, 13C-labeling–
basedmetabolic flux analysis has been developed
to comprehensively quantify flow in metabolic
networks (Fig. 2B). Mass spectrometry or nu-
clear magnetic resonance spectroscopy is used
to measure isotope distribution in steady-state
metabolite pools. In plants, steady state–labeling
studies have quantitatively assessed developing
seed metabolism and recently isotopically non-
stationary metabolic flux analysis (INST-MFA)
has been applied to leaves (33). INST-MFA can
be used to study short-lived metabolic steady
states and pathways that are linear or use a
single carbon precursor and, therefore, require
the monitoring of transient labeling to be infor-
mative concerning fluxes (e.g., autotrophic or
specializedmetabolism). If cellular or subcellular
attributes are to be defined in a computational
model, experimental measurements that serve
as inputs to the model must adequately inform
about spatial complexity so as to resolve the
fluxes in different locations.
To achieve cellular and even subcellular res-

olution, genetically encoded nanosensors hold
great promise as in vivo metabolite beacons for
real-time quantification of metabolites without
sampledestruction.Förster resonanceenergy trans-
fer (FRET)biosensors consistof twodistal fluorescent
proteins that sandwich ametabolite ligand-sensing
protein domain that alternates in conformation
depending on ligand binding and is visualized as

a FRET signal (Fig. 2C). For any metabolite for
which there is a known receptor, the ligand-binding
domain could be used to develop a FRET sensor
(34). For othermetabolites, structure-guided pro-
tein engineering based on a collection of scaffolds
could be used to design artificial ligand-binding
domains. Limitations here remain the small num-
ber of chemicals for which binding proteins are
known. An alternative in vivo quantitation of
metabolites is the use of RNA sensors, riboswitches.
Natural riboswitches are RNA sensors that bind
specific metabolites within a small aptamer region
and transduce the binding signal to control gene
expression through a regulatory domain (35). Ar-
tificial riboswitches that recognize agivenmetabolite
can be createdby incorporating synthetic aptamers
that are identified through in vitro selection
strategies to bind to an immobilizedmetabolite
(36). Aptamers have been created for a few plant
alkaloids, such as cocaine (37) and the caffeine
biosynthetic intermediate, theophylline (36). Meta-
bolite sensors developed for a large catalog of plant
metabolites would facilitate the speed with which
we can design metabolic pathways in native and
recombinant systems.
Alongsidemetabolite detection and carbon flux

determination, biosynthetic pathway elucidation
is also limited by computational methodology.
Gene annotation is based on primary sequence
homology andmany genes are annotated as “un-
known” or aremisannotated, such as a symporter
concealing a new class of heme enzymes (38).
More accurate annotation based on tertiary struc-
ture necessitates development of high-throughput
tools for homology modeling together with ex-
pansion of available protein structure templates,
the latter now closer to realization with recent
advances in structure determination using high-
resolution single-particle cryo–electron micros-
copy (39). Many gene sequences could be more
efficiently linked to biological processeswith com-
putational tools that simultaneously query mul-
tiple large data sets and associate genes with
pathways. Algorithms are needed that incorpo-
rate machine learning to correlate data from an
expanding horizon of data sets—such as RNA,
protein, cell-specific metabolites, enzyme localiza-
tion, protein-protein interactions, plant-microbe
interaction, chromatin signatures—for the purpose
of linking genes, proteins, and pathways without
a priori knowledge.
Metabolic engineering of tomorrowwill target

a suite of biosynthetically unrelated compounds,
such as a multivitamin crop augmented with a
nutraceutical, for which metabolic tailoring will
also optimize plant growth in a changing climate.
Engineering multiple chemical traits requires a
fundamental understanding of pathway regula-
tion including flux control, regulatory interactions
between specialized and primary metabolism,
and coordination with plant development, abi-
otic signaling, and signaling between plants and
other organisms in shared ecological niches.
Crafting plant metabolism for crops of tomor-
row will be achieved by precise gene editing and
delivery of whole pathways on synthetic chro-
mosomes (40). Genome editing has not yet been

applied to synthetic chromosomes; however,
genome-editing techniques have the potential
to advance meaningfully the applications of syn-
thetic chromosomes. Specialized plant structures,
such as trichomes (Fig. 2D), could be exploited
to channel compounds for alternate and novel
biosynthetic transformations. Advanced tools,
as those mentioned herein, are the gateway to
accelerating metabolic engineering and stack-
ing of complex traits. These technologies are
the future of plant engineering and synthetic
biology production of the plethora of plant
chemicals useful to humanity.
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