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Abstract

Humans have domesticated many plant species as indispensable sources of food, materials, and
medicines. The dawning era of synthetic biology represents a means to further refine, redesign,
and engineer crops to meet various societal and industrial needs. Current and future endeavors will
utilize plants as the foundation of a bio-based economy through the photosynthetic production of
carbohydrate feedstocks for the microbial fermentation of biofuels and bioproducts, with the end
goal of decreasing our dependence on petrochemicals. As our technological capabilities improve,
metabolic engineering efforts may expand the utility of plants beyond sugar feedstocks through the
direct production of target compounds, including pharmaceuticals, renewable fuels, and
commaodity chemicals. However, relatively little work has been done to fully realize the potential
in redirecting central carbon metabolism in plants for the engineering of novel bioproducts.
Although our ability to rationally engineer and manipulate plant metabolism is in its infancy, |
highlight some of the opportunities and challenges in applying synthetic biology towards
engineering plant primary metabolism.
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Introduction: Why do we need plant synthetic biology?

Synthetic biology has transformed the way in which scientists can investigate biological
systems, by applying the constructive approaches from engineering disciplines to
systematically interrogate and manipulate biology. Accordingly, much of synthetic biology
has focused on understanding the underlying principles that control biological processes in
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order to design and modify organisms for engineered applications. Although we have had
the ability to modify organisms with recombinant DNA and molecular biology techniques
for several decades, synthetic biology is distinct in its motivation and perspective in
providing a bottom-up understanding of biological systems. Although much of the field has
revolved around engineering efforts, the spirit of synthetic biology was well stated by the
late Richard Feynman: “What | cannot create, | do not understand.” Thus, synthetic biology
separates itself from traditional molecular biology in its drive to understand systems. As
expected, many of these efforts have been limited to extremely well characterized model
systems, e, yeast and Escherichia coli. Nonetheless, we are beginning to build up our
fundamental understanding of plant systems, and thus, the nascent field of plant synthetic
biology has much to gain from these advances.

Synthetic biology has been utilized to engineer solutions, such as the production of
pharmaceuticals and renewable energies from microbial sources [1, 2]. As our knowledge of
plant systems grows, it will be increasingly easier to begin engineering new traits and
designing novel applications that can only be implemented in plants. This is of much interest
due to the central role plants and agriculture already play in our society. Notably, plant
primary metabolism is at the core of a number of relevant traits that we may want to
engineer in the future. Unlike heterotrophic organisms, photosynthesis and carbon fixation
drive central carbon metabolism in plants, making plants an attractive chassis to support a
renewable bio-based economy. Thus, in many ways future engineering applications will be
dependent on our basic understanding of plant primary metabolism.

Over the last two centuries, the role of agriculture has slowly shifted in response to the
development of other major industries. Civilization began with a bio-based economy, where
food, materials, and energy demands were all met by agriculture. However, the advent of the
industrial revolution, the utilization of coal, and modern petrochemical processes provided
abundant sources of inexpensive energy and the ability to make materials from petroleum.
Consequently, the role of agriculture transitioned to primarily focus on food and feed. The
result has been our modern dependence on fossil fuels that have wide implications on
climate change and overall sustainability; thus, a major challenge has been how to
reestablish a bio-based economy that can compete with established petrochemical processes.
In this vein, synthetic biology offers the opportunity to engineer new applications for
existing crop species by introducing new traits or modifications.

One prominent example has emerged in an effort to establish a renewable economy able to
compete with the petrochemical industry through cellulosic-based biofuels. This goal
focuses on the microbial production of commodity chemicals from plant carbohydrates,
through the breakdown of plant cell wall material into its sugar monomers. Sugar can then
be converted to various fuels or bioproducts using engineered microbial hosts. Although the
only role for plants in this schematic is as a renewable source of carbohydrates, it may one
day be more efficient to produce specific commodity chemicals /n planta, enabling the
photosynthesis-driven conversion of compounds directly from CO, (Figure 1). Thus, it is
possible that the next major challenge will be to convert plants into biorefineries that are
able to compete with microbial fermentative processes, and in effect “cut out the
middleman” in engineering new metabolisms for the biosynthesis of industrial chemicals.
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Given the expansive scale of agriculture, the utilization of crops as biofactories may entirely
change our perception of the current limitations of a bio-based economy and may push us to
begin thinking of production of renewable bioproducts in terms of hectares, rather than
liters.

A defining feature that makes plants an attractive platform for synthetic biology is the ability
to perform photosynthesis, which enables light energy to fix CO, into sugar. Synthetic
biology efforts have largely focused on model heterotrophic microbial systems that are
reliant on the input of carbon. The goal of any bio-based economy will be to compete with
petroleum-based commodities; thus, the ability to biosynthesize molecules directly from
fixed CO, may help make this endeavor economically viable and more sustainable than
current practices. More than half of the global net primary production takes place on land
[3], and the ability to redirect just a fraction of global photosynthetic energy towards target
bioproducts may dramatically tip the scales in favor of a renewable bio-based industry. In
the face of impending challenges such as climate change, the development of engineered
plants may expand the utility of agriculture, while fixing carbon and in the process.

All metabolites must pass through central carbon metabolism. Thus, our understanding of
primary metabolism is essential to our ability to modify plant metabolism as a whole.
Importantly, there are a number of industrially relevant compounds that already sit in
primary metabolism; however, it has been challenging to identify strategies to increase
yields of these molecules. Here, | will summarize some lessons, opportunities, and
challenges in manipulating plant primary metabolism for the production of several classes of
molecules of relevance to a future bio-based economy.

What products do we want to engineer into plants?

The foundation of any bio-based economy will rely on plants (Figure 1). Although many
synthetic biology efforts have centered on engineering microbes to convert sugars to
molecules of interest, the sugars fed into these processes are plant derived. Alternatively, one
potential advance may come from the ability to produce target molecules in plants directly,
as co-products with carbohydrates. Exploring the opportunity in expanding the metabolic
versatility of crops used as plant feedstocks may dramatically transform the landscape in
determining what molecules can be economically made from biological systems.

If our general knowledge and technical ability to manipulate plant systems matched those of
E. coliand yeast, there would undoubtedly be more interest in directly engineering crops. In
many ways, this review is focused on looking just beyond our current technical abilities in
order to identify specific goals that the plant synthetic biology field may focus on as future
ambitions — one of which is the production of bioproducts at agricultural scales /n planta. In
many ways, technology has been the major hurdle in developing plants as more than just a
source of carbohydrate feedstocks. Thus, the development of synthetic biology tools may be
the most important obstacle to surmount before we can begin engineering plants as
biofactories.
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Although this is not the major focus of this review, many recent studies highlight advances
that have helped advance the plant synthetic biology field [4-6]. Rather, this section will be
devoted to highlighting major classes of molecules that may be of interest to produce in
plants. Although sometimes difficult to distinguish, there are two general classes of
molecules: secondary (also known as specialized) metabolites and primary metabolites. In
general, secondary metabolites are many times considered natural products that are non-
essential for normal growth and tend to encompass more complex molecules. Although this
definition leaves much grey area to the interpretation of “normal growth,” structural
complexity tends to increase as metabolites branch from primary to secondary metabolism.
With this added complexity, secondary metabolites tend to have bioactive properties, many
of which confer pathogen resistance or can be used by humans as therapeutics [1, 7, 8].
Although many metabolic engineering efforts have focused on producing natural products, it
is important to note that all secondary metabolites must first go through central carbon
metabolism. This review focuses on molecules that are primarily derived from primary
metabolism as well as the implications of increasing flux through central carbon
metabolism. Ultimately, any effort to optimize the production of secondary metabolites will
inherently require aspects of engineering primary metabolism.

Although the engineering of complex natural products has been the focus of several high
profile engineering efforts [1, 7], there are many structurally ‘simpler’ molecules that are
highly relevant as building blocks or platform chemicals, many of which can be converted to
a wide variety of industrially relevant products [9]. Often, the most difficult challenge in
metabolic engineering efforts is not introducing a new pathway, but rather optimizing
production yields. Undoubtedly, this will represent a major obstacle in plant engineering
efforts and is compounded by the fact that our understanding of plant central carbon
metabolism pales in comparison to £. coli and yeast. Below, | highlight several classes of
plant-based molecules that may serve as building blocks for bioproducts and strategies to
increase yield of these compounds. | will also emphasize the obstacles that will need to be
addressed to optimize production of various commodity chemicals from primary
metabolism.

Sugars: Improving feedstock sources for a bio-based economy

The most widely utilized and economically relevant compounds extracted from plants are
sugars, either as soluble sugars or as polymers that can be later broken down into their
monosaccharide components. Plants utilize photosynthesis to drive carbon fixation, resulting
in sugar phosphates that are mostly diverted to polymers involved in cell wall material (7.¢,
cellulose, hemicellulose) or storage (e.g, starch). These polymers are among the top five
most abundant materials in the world (7., cellulose, xylan, chitin, starch, and glycogen) [10]
and can be processed into monosaccharide feedstocks. Given their sheer abundance, the
starting point for any bio-based economy will be reliant on a renewable source of sugars that
can be harvested from plants.

Currently, the largest market for plant-derived sugar has been its conversion to ethanol as a
biofuel. Arguably, the greatest success story has been the Brazilian biofuel economy, which
extracts soluble sugars from sugarcane to produce ethanol through yeast fermentation. Over
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a forty-year period, the Brazilian government intervened to create a biofuel market and
facilitated a successful transition away from state supported to market driven ethanol
production. Currently, Brazil annually produces 24 billion liters of ethanol to run 12.5
million vehicles [11]. Although the sugarcane biofuel economy is the poster child for
government-backed research and development transitioning to commercialization, Brazil’s
success may not be easily transferable to other countries due to many factors, including
climate and land constraints, as it is difficult for sugar production from other crops to be as
cost-competitive (Table 1). Thus, finding alternative plant sources as carbohydrate
feedstocks has been a major focus of research, underscoring the fact that there will be no
single solution for every country. To this end, much research has been devoted to discovering
new techniques to efficiently break down plant cell wall material as plant carbohydrate
feedstocks, agnostic of crop species. Because all plants have cell walls, this may increase the
diversity of crop species that can be used as the basis of bio-based economies in different
countries.

Given the global abundance of plant cell wall material, the ability to build an industry that
can utilize and process plant cell wall biomass may have the potential to compete with
petrochemicals. Currently, the sugar processed from cell wall material is not cost-
competitive for biofuels and many other bioproducts; thus, a major push has been decrease
the cost of extracting sugars from cell wall material. In order to address this challenge,
various approaches have been explored to modify plants and decrease their cell wall
recalcitrance [12], produce bioproducts from monolignols [13, 14], alter the composition of
sugars in the cell wall [15], and improve chemical deconstruction processes to more
efficiently extract monosaccharides [16]. Thus, altering the primary metabolism of plant cell
wall biosynthesis may alter the biochemical composition of cell walls to be more conducive
for downstream processes. Alternatively, we may also target crop modifications to facilitate
their cultivation in other climates. Currently, there are efforts to expand the sugarcane
growth range by looking for chilling tolerant variants [17]. It is important to note that we are
in the beginning stages of exploring strategies to alter metabolism, and there has still not
been a clear winning technology that may be broadly adopted to make cellulosic
carbohydrate feedstocks a reality.

Identifying strategies to surmount the high costs of lignocellulosic feedstocks has been a
major challenge. Established processes, such as soluble sugar extraction from sugarcane,
may not provide an apt template for lignocellulosic production, as technoeconomic analyses
on starch or soluble sugar based ethanol may not be relevant, given their fundamentally
different processes and inputs. Moreover, there are high costs and uncertainty in how
feedstocks may be converted and transported to processing facilities, as there exist many
complexities and logistical concerns when transporting lignocellulosic biomass between
sites of production, transformation, and conversion. Many factors affect overall performance,
such as the form of biomass, intended use, and supply-demand locations [18]. Given the
high ambiguity in the path to implementing and commercializing lignocellulosic feedstocks,
it will be important to develop other strategies that increase the value of plant feedstocks.
One potential option is the production of high value co-products that can be extracted from
plants, thus helping offset the costs involved in producing lignocellulosic feedstocks. A
number of broad classes of compounds may be amenable to convert photosynthate to
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specific bioproducts to help increase the value of plant feedstocks, summarized below. The
simultaneous development of strategies to improve our ability to extract sugars from cell
wall material, as well as engineer metabolic pathways for other co-products will provide
generalizable approaches that can help make a lignocellulosic bio-based economy viable.

Ultimately, soluble sugars and monosaccharides derived from cell wall material will be the
inputs for any bio-based economy, given their abundance and renewability. However,
expanding the diversity of molecules that can be co-produced from plants beyond sugar may
dramatically transform the impact and potential viability of a future bio-based economy that
may be able to compete with petrochemical processes. These efforts may help offset the
feedstock and processing costs of converting sugars to other bioproducts in the future
(Figure 2). Plant metabolic engineering and synthetic biology may provide a means to begin
altering plant metabolism to produce various co-products to help offset costs and expand the
application of feedstock crops.

Lipids: Lessons in manipulating plant metabolism

Lipids are one of the most important products harvested and extracted from plants. As such,
crops, such as canola, palm, and soybean, have been bred to accumulate high amounts of oil.
Nonetheless, metabolic engineering efforts have demonstrated that oil yields can be further
enhanced [19, 20] and the types of lipids can be altered in a targeted manner [21, 22]. These
plant engineering feats have been enabled by a strong basic understanding of plant lipid
biosynthesis [23]. In general, there have been limited efforts to methodically understand how
to manipulate and increase flux through plant metabolism. Typically, multiple approaches
are identified as potential strategies in increasing metabolic flux through a given pathway;,
and many times — but not always — the stacking of these approaches can have additive effects
in increasing titers. Plant lipid engineering stands out as one of the best examples of how a
fundamental knowledge of plant metabolism has translated into developing successful
strategies in increasing yields.

Three broad strategies have been employed in efforts to increase oil content in crops:
pushing, pulling, and avoiding competing pathways. Although these concepts are pervasive
in microbial metabolic engineering studies, few plant efforts have been able to stack these
various approaches together to demonstrate their additive benefits in increasing oil content.
To this extent, various transcriptional regulators and enzymes have been used to boost
metabolic flux and decrease any sort of negative regulation on the lipid biosynthetic pathway
in order to increase oil production [23]. Moreover, because the majority of photosynthate is
utilized in other carbon sinks (e.g, starch), previous studies have shown how one may
decrease starch production to divert carbon to lipid biosynthesis [24]. Together, more recent
studies have shown how stacking several of these engineering strategies together may yield
increased oil production [25, 26].

The choice of crop species is important given the large amount of variation in plant
physiology; however, synthetic biology may enable us to rethink intrinsic properties of plant
species through the engineering of their primary metabolism. For example, nearly all oil
crops are harvested from seed tissue; however, the engineering of oil production in
vegetative tissue may dramatically expand which crops may be used for oil production. This
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is of utility given that some crops grow better in different geographical areas and climates.
Recent efforts have demonstrated that triacylglycerol in leaf tissue can be accumulated to
levels that are competitive with oilseed crops [26]. Furthermore, these approaches can be
expanded to highly productive species, such as sugarcane, in the conversion of soluble
sugars to triacylglycerols [27]. Plant lipid engineering efforts represent the first few studies
that have tried to adopt broader metabolic engineering concepts to manipulate plant
metabolism and redefine the utility of specific crop plants.

The successes in plant lipid engineering demonstrate how basic discoveries in manipulating
plant metabolism can be leveraged as strategies to increase yields /in planta. The
identification of key enzymes and regulators has contributed to developing several strategies
in altering metabolic flux. Recent studies have also demonstrated how stacking strategies
can boost production levels overall; thus, in many ways, plant metabolic engineering is
catching up and simultaneously learning from microbial studies, which will be key to the
overall success of plant synthetic biology efforts in the future.

Terpenes: Pushing flux through primary metabolism to secondary metabolites

Terpenes are an industrially relevant class of molecules, found in all plants, that encompass a
diverse set of hydrocarbons derived from units of isoprene. Also known as isoprenoids,
terpenes serve various biological roles, ranging from essential metabolites such as sterols
and carotenoids to secondary metabolites with unique bioactive properties. Various
isoprenoids have been characterized for their pharmaceutical value [1], biofuel properties
[2], and as high value commodity chemicals [28]. Thus, identifying strategies to increase
flux through these specific metabolic pathways has been an important goal in the plant
metabolic engineering field. Much success has been achieved in engineering terpene
pathways into microbes, which may provide a template for future studies in plants. Although
many terpenes are considered secondary metabolites, their biosynthesis must first go through
primary metabolism, highlighting the fact that any optimized engineering endeavor will
require aspects of manipulating central carbon metabolism.

In many cases, canonical strategies in metabolic engineering that involve the overexpression
of specific genes to increase the push or pull on a given pathway — as seen in plant lipid
engineering efforts — may not be straightforward to implement due to endogenous
mechanisms of enzyme regulation (e.g, feedback inhibition). Various studies in terpene
engineering have demonstrated this point, as key breakthroughs in increasing titers have
been contingent on understanding and breaking the regulation of key enzymes. For example,
the rate-limiting step in isoprenoid metabolism is regulation of the enzyme HMG-CoA
reductase. A truncation in this enzyme eliminates endogenous regulation and has been
successfully used to increase isoprenoid production in yeast [29, 30]. This strategy has been
demonstrated to be transferable to plant species and various microbial systems as a general
strategy to increase terpene production [30-32], highlighting how product titers may be
dependent on the modification of upstream enzymes in primary metabolism. Other enzymes
may contribute to limiting flux through the mevalonate pathway, such as HMG-CoA
synthase, which is known to be regulated by the concentration of its substrate, acetoacetyl-
CoA [33]. Other major determinants may be related to the pool of acetyl-CoA, which may
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present other key enzymatic steps to engineer like acetyl-CoA synthetase. Moreover, flux
may be dictated by substrates much further upstream in central carbon metabolism, as
engineering efforts have demonstrated that balancing the ratio of G3P and pyruvate can
contribute to overall terpene yields [34]. Additionally, carbon partitioning in photosynthetic
organisms adds another level of complexity, as it has been suggested that the production of
heterologous isoprenoids may result in energy imbalances that limit photosynthetic electron
flow [35]. Studies in cyanobacteria have also suggested that low acetyl-CoA pools under
photosynthetic conditions may contribute to low yields, as it may be difficult to compete and
siphon away acetyl-CoA for heterologous isoprenoid production [36]. This is further
complicated by the fact that the photosynthetic machinery requires a number of isoprenoid-
derived compounds (e.g, carotenoids), which may compete directly with engineered
pathways [37]. Thus, there are a number of challenges in optimizing isoprenoid engineering
in photosynthetic organisms; however, as our understanding of plant central carbon
metabolism grows, hopefully this will also uncover new strategies to modify primary
metabolism conducive to isoprenoid engineering efforts.

Organellar compartmentalization has also been utilized as a successful strategy to rewire and
bypass native regulatory mechanisms of primary metabolism in order to boost production of
terpenes. This has been achieved by retargeting metabolic pathways to nonnative organelles
in order to avoid endogenous regulation of key enzymes, specifically the redirection of
cytosolic and plastid isoprenoid pathways. In most plants, sesquiterpenes (Cy5) and sterols
(C3p) are biosynthesized in the cytosol, whereas monoterpenes (Cqq), diterpenes (Cyp), and
carotenoids (Cyg) are produced in the plastid. The compartmentalization of these metabolic
pathways has enabled various forms of regulation on terpene biosynthesis, as both cytosol
and chloroplast display similar pools of the building block, isopentenyl diphosphate (IPP), in
both subcellular locations. Thus, redirecting sesquiterpene biosynthesis to its non-native
plastid environment and monoterpenes to the cytosol has been shown to be an effective
strategy to increase production of terpenes in plants, due to the bypass of native organelle-
specific regulation [38].

Other studies have focused on engineering alternative pathways into new hosts or organelles.
For example, the 2- C-methyl-D-erythritol 4-phosphate/1-deoxy-D-xylulose 5-phosphate
(MEP/DOXP) pathway is utilized by £. coliand chloroplasts for production of the building
block IPP, whereas eukaryotes utilize the mevalonate pathway in the cytosol. The
heterologous introduction of the mevalonate pathway into both £. co/i and chloroplasts has
been demonstrated to increase flux through isoprenoid biosynthesis [30, 31]. Thus, rewiring
and introducing new branches of primary metabolism are key strategies that will underlie
successful metabolic engineering efforts of secondary metabolites in plants.

Over fifteen years of effort in engineering the anti-malarial drug artemisinin into
heterologous plants has yielded some of the most important studies in the growing field of
plant metabolic engineering. Various strategies have been pursued to express the artemisinin
pathway in various cellular compartments, such as the cytosol [39], mitochondria [40], and
chloroplasts [31], although these early studies reported relatively low yields. Efforts to
increase flux through specific pathways have also been made, with limited success [41].
These earlier studies provided the foundational knowledge that ultimately enabled Malhotra

Plant Sci. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shih

Page 9

et al. to demonstrate that one could achieve considerably higher levels of artemisinin
production in planta by combining different approaches and balancing the
compartmentalization of different pathways [42]. For example, the introduction of IPP/
DMAPP isomerase (IDI) in the cytosol helped balance IPP and DMAPP pools, aiding
approaches that are engineering isoprenoid precursors in both the cytosol and the chloroplast
[42]. This is in line with previous work showing that decreased IDI levels negatively alter
photosynthetic pigments in tobacco leaves, demonstrating the need to balance the pools of
IPP and DMAPP [43]. Furthermore, lessons learned from previous studies were also
incorporated, where targeting amorphadiene synthase to the mitochondria had previously
been shown to increase amorphadiene production due to the large pool of FPP found in the
mitochondria [40]. Perhaps more important than the increase in titers reported by Malhotra
et al. is the emphasis on how stacking various approaches from previous studies can
successfully guide the complex engineering of two pathways across three cellular
compartments to improve yields of a target bioproduct /n planta.

Terpene biosynthesis sits at an interesting intersection between primary and secondary
metabolism. Many isoprenoids are of interest to produce in plants not only for their
industrial or pharmaceutical relevance, but also their ability to confer novel traits to plants,
such as pathogen and pest deterrence [8, 44]. Furthermore, isoprenoid engineering may have
implications beyond bioproducts (e.g, therapeutics, biofuels), but also in increasing the
production of important raw materials, such as rubber. Rubber is an interesting industrially
relevant material, produced from isoprene units, that is primarily harvested from rubber trees
but can also be harvested from several other plant species [45, 46]. Thus, the foundational
knowledge learned from engineering simple isoprenoids bioproducts may one day enable the
production of other more complex materials that are also biosynthesized from the same
building blocks. Expanding our understanding of modifying and manipulating terpene
biosynthesis may enable the development of engineering strategies that can be broadly
adopted in various crop plants, which will be of importance in making plant-based platforms
for isoprenoid production a reality.

Organic acid platform chemicals: Replacing petroleum-based muconic acid

Although the majority of fossil energy sources are converted to fuels, a significant fraction is
devoted to petroleum-based products, many of which are pervasive and essential to many
aspects of our economy and society. For example, 8% of global crude oil is used to produce
plastics [47]. Of interest, many organic acids can serve as platform chemicals for the
production of alternatives to many petrochemicals. In contrast to many natural products
biosynthesized from discrete branches of secondary metabolism, many of these target
platform chemicals are relatively simple in structure and sit at the intersection of various
branches of central carbon metabolism. Unlike engineering a linear secondary metabolic
pathway, many organic acids can be biosynthesized via several different metabolic routes.

The identification of promising bioproducts able to compete with petrochemicals has been a
moving target, due to the rapidly changing landscape of available technologies. Many
platform chemicals may be sourced from biological organisms, but they are often dependent
on downstream chemical processes to further transform them into specific molecules of
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industrial use. Thus, constant advances in our ability to modify biological organisms, as well
as new downstream chemical processes, make it difficult to predict the costs of producing
specific molecules. This ever-shifting roulette of technological advances manifests itself by
the fluctuating cost-competitive nature of specific bioproducts [48]. Nonetheless, there has
been significant effort to identify key molecules that can be produced through renewable and
biological processes while staying cost-competitive with petrochemicals [9, 48].

In an effort to address these needs, the US Department of Energy released a seminal report
in 2004 outlining a list of fifteen bio-based products that had potential as industrially
relevant compounds [9]. Of note, all the proposed molecules are relatively simple in
structure and many can be derived biosynthetically from central carbon metabolism. This list
of molecules was selected based on the criteria that many can serve as platforms for the
production of further derivatives. However, it is important to reiterate that this report has by
no means been widely accepted as a finalized target list, but rather there has been an ongoing
evolution of this list over the fourteen years since its release. With the development of new
technological advances, a number of new compounds have emerged as strong candidates as
economically viable alternatives to specific petrochemicals [48].

Although nearly all studies have assumed that plants will serve as the source of
carbohydrate, the direct conversion of some of these organic acids in plants alongside plant
carbohydrates may increase the value of plant feedstocks. Surprisingly little research has
been focused on the direct biosynthesis of many of these organic acid platform chemicals in
plants. This approach may enable the production of industrially-relevant compounds at
agricultural scale, while simultaneously providing sugar from plant cell walls or starch.

The platform chemical muconic acid has garnered attention as a synthetic precursor of
adipic acid. Two million tons of adipic acid are produced annually, as it is used as a building
block for nylon-6,6 and polyurethane [49]. Current practices are reliant on petrochemical
processes in the conversion of benzene to cyclohexanol and cyclohexanone [50], which
releases significant quantities of greenhouse gases and forms toxic and carcinogenic
byproducts [51]. For these various reasons, muconic acid has been targeted as an alternative
precursor for adipic acid that can be produced from biological, rather than petrochemical,
sources. As an alternative, muconic acid can also be efficiently hydrogenated to adipic acid
with a yield of 97% [52], providing a potentially more sustainable and renewable process for
its production. The first metabolic engineering and microbial production of muconic acid
from glucose in E. coliwas reported in 1994 [53]. Since this pioneering study, much effort
has focused on engineering the production of muconic acid from microbial hosts as a
renewable alternative to current petrochemical processes.

There are many branch points from central carbon metabolism that may lead to the same
intermediate; however, this serves as a double-edged sword with several caveats and
challenges. On one hand, the identification of multiple metabolic routes to a given product
provides several options to test and optimize. On the other hand, this may also add
complexity, as potential competing pathways can siphon away intermediates or product.
Since the first report of engineering muconic acid biosynthesis into £. colj, at least five novel
metabolic pathways have been shown to be viable strategies in redirecting various
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intermediates within the shikimate pathway towards the production of muconic acid [50]. It
has been demonstrated that muconic acid can be produced from the key intermediates
protocatechuate [53], para-hydroxybenzoate [54], 2,3-dihydroxybenzoate [55], salicylic acid
[56], and anthranilate [57]. The various metabolic strategies engineered into £. coli have
resulted in final titers that have ranged from less than 1 gram/L to more than 38 g/L [52, 57].
These metabolic engineering efforts in microbes may provide insight into what pathways to
pursue when translating some of these efforts to plant systems.

Ultimately, biosynthesis of muconic acid from fixed CO, in plants offers a more direct
approach to producing this chemical, by avoiding the necessity of harvesting plant
carbohydrates to feed engineered microbes. Many plant tissue types already have high flux
through the shikimate pathway, which may be siphoned off to push production of muconic
acid /in planta [58]. Alternatively, various strategies have been demonstrated to also increase
flux through the shikimate and aromatic amino acid pathways through the overexpression of
key transcription factors such as AtMYB12 [59]. Ultimately, it is not clear how successful
strategies from microbes will be transferred into plant systems, as central carbon metabolism
in photosynthetic plants is inherently different to that in heterotrophic microbes.

Co-products harvested alongside carbohydrates from plant feedstocks may help make bio-
based products more economically viable and cost-competitive. With many engineered
metabolic routes from E£. colialready tested, understanding larger principles of how
transferable metabolic strategies are between plant and microbial systems will provide
precedents to help guide future plant metabolic engineering efforts. With the development of
more complex plant synthetic biology tools, the bioproduction of muconic acid in crop
plants may offer more than just a renewable solution to the synthesis of adipic acid, but a
more comprehensive understanding and case study on how to tackle more sophisticated
plant engineering efforts.

Future challenges in plant synthetic biology

Synthetic biology efforts are dependent on our understanding of biological systems, /.e, one
cannot engineer a system that one does not understand. Fundamentally, our ability to
engineer microbes stems from our comparatively deep understanding of simple microbial
systems. Currently, our understanding of basic plant metabolism is dwarfed by our
knowledge of £. coliand yeast, highlighting the fact that future plant metabolic engineering
efforts will require a significant investment in fundamental plant research. Thus, arguably a
major challenge in plant synthetic biology will be accruing the basic foundational
knowledge needed to effectively alter, manipulate, and engineer plants.

Advances in systems biology have led to a global and systematic understanding of biological
organisms. Large-scale efforts to characterize the function, role, and expression profile of all
genes in plants will dramatically improve our ability to rationally engineer plants. For
example, systems biology efforts have enabled reasonable metabolic models of £. co/iand
yeast to a point where the effects of metabolic perturbations can often be predicted [60-62].
Plant scientists do not have the luxury of massive screens or quick generation times
conducive to iterative design-build-test cycles; therefore, the development of accurate
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models to facilitate metabolic predictions will arguably be more important for the success of
engineering plant systems. Thus, moving forward, much of our success rate in plant
synthetic biology and metabolic engineering efforts may be inherently tied to our
comprehensive knowledge of plant metabolism at a systems-level.

The majority of metabolic engineering studies have been carried out in microbial systems,
and thus a huge body of literature already exists on metabolic engineering efforts. Finding
ways to transfer this body of knowledge and understanding how applicable strategies from
microbes are to plants may offer practical insights into general plant engineering efforts.
Increasing the throughput of screening tests, designs, constructs, and approaches that have a
low probability of working will be important to prioritize and pursue endeavors that have a
high chance of success. For example, studies that demonstrate broad strategies to increase
metabolic flux though specific metabolic pathways in a universal manner will be of key
importance, as has been demonstrated in mevalonate pathway engineering efforts [29].

There have been few success stories in transitioning towards a bio-based economy and
decreasing our dependence on petrochemicals. Strategies to directly harvest engineered co-
products from crops alongside plant carbohydrates may offer a practical solution to
increasing the value of plant feedstocks. The infancy of the field of plant synthetic biology
represents both the uncertainty and the great potential in engineering plants to address
looming challenges such as climate change and overall sustainability. Nonetheless, there are
many underexplored areas in plant biology that may provide novel strategies to produce
heterologous compounds at scale. The unique physiology of sink tissues and intracellular
organelles that can accumulate compounds may provide unique advantages for metabolite
accumulation in plant systems. Moreover, the direct conversion of products from CO,, rather
than from sugar in microbes, may provide plants the potential of being an economically
viable bioplatform for production of target compounds. Although little has been done to
demonstrate the use of plants as biorefineries, advances in plant metabolic engineering may
one day enable production of target compounds /n planta that could compete with microbial
fermentative processes. Thus, one may imagine growing fields of a commodity chemical
using photosynthesis, rather than feeding sugars into fermenters.

It is increasingly recognized that leveraging the native physiology and metabolism of
different microbes may dramatically improve the yield of engineered chemicals. For
example, Pseudomonas putida has emerged as an attractive chassis due to its natural ability
to utilize a range of aromatic compounds as substrate, potentially enabling it to more
efficiently biosynthesize specific aromatic molecules [63]. Similarly, the obstacles in
heterologously expressing polyketide synthases in £. coli have led to efforts in developing
Streptomyces hosts for polyketide pathway engineering efforts [64, 65]. In a similar manner,
plant biologists will need to begin identifying specific crop species that will most effectively
be leveraged for various applications. For example, efforts to produce co-products alongside
plant carbohydrate feedstocks should be focused on crop species that are currently being
used as feedstocks, such as sugarcane. Similarly, crops that accumulate natural products in
specific tissues, such as trichomes, may offer interesting chassis to engineer [66]. Although
plants will be the foundation of any biobased economy, targeting specific crop species for
specific applications will involve an ongoing discussion. Nonetheless, building up the tools,
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resources, and basic knowledge to enable plant engineering efforts will continue to be a
major necessity moving forward.

Even with technological and scientific advances, there is still much uncertainty in the
translation and commercialization of synthetic biology into the biotechnology industry.
Scientists have been carrying out targeted engineering in plants since the advent of
molecular biology and the development of plant transformation techniques. It is important to
point out that over three decades of plant engineering efforts have resulted in very few
engineered traits that have made it to the market. Thus, although synthetic biology may have
the ability to dramatically change our technical ability to modify plants, there are still
equally — and perhaps even more — important economic issues that must be considered. For
example, early successes in modifying bioproducts, such as fatty acids and wax esters, were
translated into crop species; however, these products never penetrated existing markets [67,
68]. When considering what bioproducts to target in a bio-based economy, it may be prudent
to avoid drop-in replacements that will directly compete with petrochemicals, but rather
products with improved properties and better performance.

Just as advances in breeding and crop domestication have enabled agriculture to sustain an
exponentially growing human population, future advances in plant synthetic biology may be
pivotal in making human existence on our planet sustainable and in decreasing our footprint
on the environment. There is a dire need for promoting a bio-based economy that is
competitive with petrochemicals; however, we are currently lacking the technology and
means to reach this goal. Thus, the development of tools and strategies to facilitate plant
metabolic engineering will undoubtedly play a role in providing solutions to global
challenges that we will face in the future.
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Highlights
Plants are the feedstock and primary input into any bio-based economy

Increasing feedstock value will make bioproducts competitive with
petrochemicals

Basic knowledge of plant metabolism is essential to engineering efforts
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Figure 1. Plants are the foundation of a bio-based economy
Synthetic biology may enable the introduction of new traits into various crops in order to

expand the utility of plant feedstocks, as well as increase their overall value. Current uses for
crops are encompassed in the grey box as food, material, or carbohydrate feedstocks to feed
to microbes for the bioproduction of biofuels and bioproducts. The expansion of plant
synthetic biology will provide opportunities to engineer new pathways and applications into
crops, highlighted in the yellow box. Instead of making molecules from microbes, these
compounds could be directly biosynthesized in plants, potentially making bioproducts more
cost-competitive with petrochemicals. Novel agricultural traits may also be introduced into
crop species, such as the production of biopesticides to protect plants from various pests and
pathogens.
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Figure 2. Engineering plant primary metabolism for the production of target bioproducts or
secondary metabolites

A simplified view of global primary metabolism is highlighted in yellow, with various
branches that may be engineered to produce specific molecules of interest highlighted in the
outer brown area. Co-products may be harvested alongside plant cell wall biomass, which is
broken down as a monosaccharide feedstock for downstream microbial fermentative
processes. Platform chemicals encompass many diverse molecules that span across all of
primary metabolism; however, here we have only highlighted the example of muconic acid
that may be engineered from various intermediates of the shikimate pathway. Many
secondary metabolites derived from phenylpropanoids or amino acids are involved in plant
disease resistance as biopesticides and may confer relevant agricultural traits.
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Table 1
Estimated ethanol production costs from sugar (dollars/gallon)

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Adapted from USDA Rural Development.

Processing

Cost Item Feedstock Costs Costs Total Costs
UC Corn wet milling 0.4 0.63 1.03
UC Corn dry milling 0.53 0.52 1.05
US Sugarcane 1.48 0.92 2.4
US Sugar beets 1.58 0.77 2.35
US Molasses 0.91 0.36 1.27
US Raw Sugar 3.12 0.36 3.48
US Refined Sugar 3.61 0.36 3.97
Brazil Sugarcane 0.3 0.51 0.81
EU Sugar beets 0.97 1.92 2.89
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