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Metabolic engineering allows development of microbial strains efficiently pro-
ducing chemicals and materials, but it requires much time, effort, and cost to
make the strains industrially competitive. Systems metabolic engineering,
which integrates tools and strategies of systems biology, synthetic biology,
and evolutionary engineering with traditional metabolic engineering, has
recently been used to facilitate development of high-performance strains.
The past decade has witnessed this interdisciplinary strategy continuously
being improved toward the development of industrially competitive overpro-
ducer strains. In this article, current trends in systems metabolic engineering
including tools and strategies are reviewed, focusing on recent developments
in selection of host strains, metabolic pathway reconstruction, tolerance
enhancement, and metabolic flux optimization. Also, future challenges and
prospects are discussed.

Emergence of Systems Metabolic Engineering

Since its formal recognition in 1991 [1], metabolic engineering (see Glossary) has demon-
strated its capability in developing microbial strains for the production of hundreds of different
chemicals from renewable raw materials [2—-4]. The number of bioproducts actually reaching
production on industrial scales, however, is small, mainly due to the high overall production
costs comprising costs of raw materials, production (fermentation), and recovery/purification.
Although tremendous advances have been made in the field of metabolic engineering, it is still
necessary to improve strain performance to make bioprocesses competitive with the corre-
sponding petrochemical processes. Also, metabolic engineering projects at their initial stages
often fail to consider the practical issues arising in industrial-scale production [5]. Furthermore,
repeated trial-and-error type development cycles to improve strain performance, which results
from incomplete understanding of the genetic and metabolic mechanisms of the host organ-
isms in laboratory, pilot, demonstration, and actual production scales, further increases the
amount of manpower (e.g., 50-300 person-years) and investments (hundreds of millions of US
dollars) required to develop strains [6].

The emergence of systems metabolic engineering — which integrates systems biology,
synthetic biology, and evolutionary engineering with traditional metabolic engineering —
has expedited the development of industrially competitive strains, as exemplified by initial
works on developing Escherichia coli strains to overproduce L-valine [7] and L-threonine [8] in
10 person-years. Systems metabolic engineering also considers the midstream (fermenta-
tion) and downstream (recovery and purification) processes during the upstream (strain
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development) process in designing a new project (Figure 1, Key Figure), facilitating the scale-
up production of the target bioproduct at the end of the project [5]. Although systems
metabolic engineering is not yet a universally used term, it captures all the advances that
have been made to progress the field of metabolic engineering.

Recent advances in the fields of omics, genome-scale metabolic simulation, genetic engineer-
ing, and evolutionary engineering have expanded the tools and strategies of systems metabolic
engineering, enabling increasingly massive, parallel, and systematic engineering of strains
toward achieving their outstanding performances. Previous reviews on systems metabolic
engineering have focused on either describing systems metabolic engineering strategies in the
order of developing overproducer strains with several specific examples [5,9], or summarizing
tools and strategies of systems biology, synthetic biology, and evolutionary engineering useful
for conducting systems metabolic engineering research [2,10-12]. This article combines recent
trends in systems metabolic engineering with tools and strategies useful at each key step of
systems metabolic engineering research [5] and introduces new tools and strategies that are
expected to further expand the power of systems metabolic engineering. In addition, current
limitations and suggestions for future advancements are discussed. Two recent reviews [2,5]
and references cited therein can provide the detailed information and knowledge on the tools
and strategies of systems metabolic engineering previously developed.

Project Design

In response to the market and societal demands, biobased production of various chemicals
ranging from bulk to specialty chemicals has attracted much attention (Figure 1A). For the
biobased production of bulk chemicals — from biofuels and solvents [13-18], to organic acids
[19,20], to polymers and their monomers [19,21-24], to food and animal feedstock supple-
ments [22,25,26] — consumed in large quantities at low prices, it is critical to achieve high titer
(> ~ 100 g/L and preferably even > ~ 200 g/L) of the product with high yield and productivity.
Titer (product concentration), yield, and productivity are important performance metrics to
assess the competitiveness of a bioprocess. The titer is the final concentration of the product at
the end of fermentation, while the yield is gram (or mole) of product formed per gram (or mole) of
substrate (usually carbon substrate) consumed. Productivity can be defined as either specific
productivity or volumetric productivity. The specific productivity refers to the amount (gram or
mole) of product produced per cell per unit time, while the volumetric productivity refers to the
amount (gram or mole) of product produced per volume per unit time. Achieving high values for
all of these performance metrics is important, although one parameter might be emphasized
more than the others depending on the product type and overall bioprocess economics. For
example, a high titer is usually helpful in reducing the costs and simplifying technical difficulties
in separation and purification processes. When producing bulk chemicals, achieving a high
yield becomes important as the major cost in the overall production costs comes from carbon
substrate. Productivity is tightly linked to the overall operation cost of the bioprocess, as it
determines the sizes of the fermentor and other operating units in the whole bioprocess, which
in turn affects annual equipment depreciation costs as well as initial direct fixed capital costs.
Also, elimination of byproduct formation is important to reduce recovery and purification costs,
while further increasing the product yield [27].

As consumers are increasingly advocating the use of environmentally friendly products, while
governments worldwide are enforcing some regulations preferring biobased products (e.g.,
banning of one-time use petroleum-driven plastics), biobased chemicals and materials will be
increasingly adopted if they possess the same or similar properties, even at slightly higher
production costs. Obviously, high-value products including biobased polymers with special
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properties and functions [e.g., poly(lactic-co-glycolate) [21] and bacterial cellulose [23]], phar-
maceuticals [28-31], neutraceuticals [32-34], fragrance and flavoring chemicals [35-37],
functional proteins [38,39], and other specialty chemicals and materials have higher potential
to more easily penetrate into the market. These high-value products are attractive targets for
contemporary metabolic engineers. Although the current production titers of such bioproducts
are not as high as those of biobased bulk chemicals, the high prices due to scarcity from natural
sources [28,30,37,40], ethical/political concerns on the current production [30,34], or absence/
inefficiency of the chemical synthesis methods [30-32,38] contribute to the competitiveness of
their biobased production.

In addition to the production of pharmaceuticals and nutraceuticals, engineered microorgan-
isms themselves can also be used as live therapeutics. With the recent recognition of the
profound impact of the microbiome on human health [41], engineering commensals is gaining
significant attention to achieve desired health effects. Metabolically engineered commensals
have been exploited for gut infection prevention [42], live diagnostics [43], live therapeutics [44],
drug delivery [45], and real-time diagnostics [46].

Degradation of environmental pollutants (and xenobiotics) is another important goal of systems
metabolic engineering (Figure 1A) [47-49]. While some strains are engineered toward efficient
degradation of target compounds [48,49], other strains are also able to produce valuable
compounds by consuming the pollutants [47]. This fascinating branch of research promising
the detoxification of environmental pollutants such as micro/nanoplastics [50] and spilled oil
[51] has recently been on the rise.

A majority of the metabolic engineering projects have focused on the de novo (i.e., from
renewable carbon sources, usually from glucose) biosynthesis of target bioproducts. Biotrans-
formation (bioconversion), either single or multiple steps, from precursor materials, however,
have also been frequently devised when the upstream biosynthetic pathways (i.e., from the
renewable carbon sources to certain points in the middle of the biosynthetic pathways) are not
complete or inefficient while the precursors are available at low prices (Figure 1A) [52]. In
addition, integrating traditional bioproduction strategies to versatile and efficient (and more
preferably, environmentally friendly) chemical conversion strategies have further diversified the
portfolio of biobased products (Figure 1A) [29,53,54].

The choice of renewable carbon sources is also expanding. Although the use of typical sugars,
such as glucose and sucrose in the form of hydrolyzed starch and raw sugar, respectively, is
most common in producing target chemicals, the use of lignocellulosics has also been actively
examined in recent decades (Figure 1A) [13,55,56]. C1 chemicals are recently emerging
carbon sources (Figure 1A) [57]. Although current bioproduct formation via C1 carbon assimi-
lation/utilization is not as efficient as that using conventional carbon sources, the use of
methane [58], methanol [59], formic acid [60], and carbon dioxide [61] is on the rise. Strategies
to design systems metabolic engineering projects will continue to evolve to meet the rapidly
changing societal, economic, and political situations of the world.

Selection of a Host Strain

Because their metabolism and physiology are best understood, with correspondingly well-
developed engineering tools, model microorganisms such as E. coli and Saccharomyces
cerevisiae are still the most widely used organisms for the biobased production of diverse
products [4,183,32,33,62]. However, some chemicals can be more efficiently produced by
natural overproducers, such as Clostridium sp. for acetone and butanol [16,63],

Cell

REVIEWS

Glossary

Adaptive laboratory evolution
(ALE): a process of adapting
microorganisms in specified
cultivation conditions with a selection
pressure for a prolonged period,
often hundreds or thousands of
generations, to obtain strains
possessing preferred phenotypes (e.
g., improved growth or tolerance to
toxic chemicals).

Bio-big data: whole datasets
obtained from biological and
biotechnological systems. Examples
include conventional omics data from
high-throughput experiments, in silico
simulation results (e.g., fluxome),
spatiotemporal operation data
obtained from fermentation, recovery,
and purification processes.

C1 chemicals: single carbon atom
chemicals, such as carbon dioxide,
formic acid, methanol, and methane.
Many C1 chemicals, such as carbon
dioxide, chemicals catalytically
converted from carbon dioxide (e.g.,
formic acid), and methane from
biogas, are considered renewable. In
contrast, methane from shale gas
and carbon monoxide from fossil
resources are not considered
renewable, yet largely available in
certain regions at low costs.
CRISPR/Cas: a recently exploited
genetic engineering system derived
from bacterial adaptive immune
system called clustered regularly
interspaced short palindromic
repeats (CRISPR)/CRISPR-
associated (Cas) system.

Directed evolution: a process that
mimics the mechanisms of evolution
to more quickly obtain biological
parts (e.g., genes, proteins, and
strains) with desired characteristics,
which includes steps for selecting
desirable phenotypes from the
libraries generated during the
process.

Evolutionary engineering: a
discipline of engineering that applies
evolutionary power, rather than
rational manipulation, to achieve
certain phenotypes.

Metabolic engineering: a discipline
of engineering that genetically
modulates living cells or organisms
to overproduce desired products.
Natural products: compounds
found in nature in general, but are
often used in narrower meaning as
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Corynebacterium sp. for amino acids [22,26,64], Mannheimia succiniciproducens for succinic
acid [65], Rhodococcus opacus and Yarrowia lipolytica for lipids, fatty acids, and derivatives
[18,66,67], and actinomycetes for antibiotics and polyketides (Figure 1B) [68]. Thus, the
metabolic pathways of these microorganisms can be tweaked to produce chemicals sharing
the same biosynthetic pathways with their naturally overproduced metabolites [69,70]. Efficient
engineering tools for these important platform strains are continuously being upgraded to
facilitate metabolic engineering [68,69,71].

Accompanied by the development of genetic engineering tools readily adaptable to diverse
organisms, less explored organisms with attractive properties have been actively exploited as
host strains as well (Figure 1B). In response to public concerns about using possibly unsafe
microorganisms to produce chemicals and materials that humans eat or use, organisms generally
recognized as safe (GRAS) are increasingly being considered as the host strains to overproduce
bioproducts for direct human uses. In addition to the well-studied GRAS strains (e.g., S. cerevisiae
[28-30], Bacillus subtilis [72], and Corynebacterium glutamicum [22,26)), lactic acid bacteria [73],
Pseudomonas putida KT2440 [74], and other less explored GRAS strains are receiving attention
as potential host strains. Moreover, cyanobacteria, microalgae, and methanotrophic bacteria are
increasingly spotlighted as engineering hosts consuming C1 chemicals as raw materials [58,75].
Thermophilic bacteria have also been considered as hosts for metabolic engineering as their
fermentation processes at elevated temperatures can reduce risk of contamination — by both
microorganisms and phages — and are more compatible with various existing industrial chemical
processes [76]. Similarly, halophiles allow open-field fermentation based on seawater, minimizing
the concern of contamination while saving fresh water for other purposes [77].

As our capabilities to engineer organisms advance, engineering hosts are no longer limited to
microorganisms and are being expanded to higher eukaryotes, including plant cells [78] and
mammalian cells [79], and even intact living multicellular organisms, such as living insects [80]
and plants [81]. Further exploration toward diverse organisms with attractive advantages for
biobased production of certain products will likely be increasingly pursued.

Metabolic Pathway Reconstruction

In contrast to the traditional focuses on optimizing endogenous pathways or reconstituting
heterologous yet natural pathways to produce canonical metabolites [7,22], recent advances in
synthetic biology and computational biology have enabled designing novel and specific
metabolic pathways for desired chemicals [29,52,82,83]. In addition to the typical strategies
of reconstructing heterologous metabolic pathways through the combination of known meta-
bolic reactions deposited in metabolic reaction/pathway databases such as KEGG (http://
www.genome.jp/kegg/), MetaCyc (https://metacyc.org/), and BRENDA (https://www.
brenda-enzymes.org/), the use of reaction rules generated based on the chemical structures
of substrates and products in enzymatic reactions can help streamline the design processes
(Figure 1C and Table 1) [84-86]. Exploiting substrate promiscuity of enzymes further accel-
erates designing novel and efficient biosynthetic pathways toward the target compounds
[82,83]. Moreover, directed evolution (Box 1) and de novo design of enzymes have contributed
to expanding the spectrum of natural and non-natural chemicals that can be produced
biologically (Figure 1C and Table 2) [87-92].

There have been continued efforts to discover new enzymes catalyzing new reactions through
X-ome mining with the help of screening tools while activating silent biosynthetic genes and
clusters (Figure 1C) [87,93-95]. The integration of chemical approaches with biosynthetic
approaches also broadens the profile of producible chemicals further [29,53]. Artificial
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functional secondary metabolites
found in microorganisms and plants.
Reaction rules: descriptors for the
change of bonding patterns in the
reactants during its transformation to
the products.

Recombineering: a strategy in
genetic manipulation that uses
bacteriophage-derived recombinases
to facilitate genetic engineering
based on sequence homologies.
RNA interference (RNAI): an
antisense RNA-based gene
expression knockdown tool where a
double-stranded RNA is cleaved by
Dicer proteins to yield small guide
RNAs. These small guide RNAs then
bind to target mMRNAs with the help
of Argonaute proteins to inhibit
translation and/or to degrade
transcripts.

Synthetic biology: a discipline of
biology and engineering that aims to
design, construct, and modify
biological parts and modules ranging
from genes to enzymes to pathways
to organisms, pursuing their
standardization, modularization, and
systems-level analyses and uses.
Small regulatory RNA: a trans-
acting short RNA which binds to a
target MRNA by base pairing,
generally leading to alteration in the
target gene expression level.
Systems biology: a discipline of
biology that tries to analyze,
understand, model, and simulate
complicated biological systems at a
systems level with the help of
mathematical and computational
methods.

Systems metabolic engineering:
an interdisciplinary research strategy
integrating systems biology, synthetic
biology, and evolutionary engineering
with classical metabolic engineering.
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Key Figure

Scheme of Systems Metabolic Engineering Research with Current Tools and Strategies
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intelligence is anticipated to play increasingly important roles in predicting feasible chemical
synthesis routes [96] for the production of desired chemicals and materials.

Advances in genetic engineering tools and strategies have accelerated successful introduction of
the designed metabolic pathways into actual producer strains. Novel and efficient DNA assembly
tools, such as BioBrick assembly [97], Gibson assembly [98], Golden Gate assembly [99], ligase
cycling reaction [100], single strand assembly [101], transformation-associated recombination
(TAR) cloning [102], and uracil specific excision reagent (USER) cloning [103], have facilitated the
assembly of multicomponent and large-sized gene clusters and consequent expression of the
assembled metabolic pathway genes based on plasmids (Figure 1C and Table 2). In addition,
advances in oligonucleotide and gene synthesis technologies at decreasing synthesis costs
[104] have been making it more feasible to construct metabolic pathway genes optimal for their
expression in each host strain (e.g., codon optimized) and to test many combinatorially rear-
ranged gene clusters and expression modules [105]. Indeed, such new technologies are
accelerating the design-build-test cycles of systems metabolic engineering research.

Despite the convenience of reconstructing and expressing the metabolic pathway gene clusters
based on plasmids, concerns on plasmid instability and copy number fluctuation undesirable in
an industrial setting have been urging researchers to develop methods for stable chromosomal
integration (Figure 1C). As the traditional homologous recombination systems using counter
selection markers (e.g., pyrF, sacB, and upp genes) are often time-consuming and laborious in
introducing genes of interest to target genomic loci, site-specific recombination systems [106],
and transposon-based random insertion systems [107] are often used to facilitate these pro-
cedures (Table 2). However, the choice of gene integration sites is limited compared with the
homologous recombination system due to the intrinsic nature of the site-specific recombinases
and transposons (i.e., too site specific and too random, respectively). Recently, recombineer-
ing technology was demonstrated to expand the integration size limit with the help of a donor
plasmid system [108], while overcoming the aforementioned limitations of the site-specific
recombination and transposon-based systems. CRISPR/Cas-induced double-/single-strand
breaks followed by either homologous recombination or recombineering is also frequently
employed for the chromosomal integration of the genes (Table 2) [69,109,110].

The tools and strategies mentioned above have facilitated the reconstitution of long and compli-
cated biosynthetic pathways for the heterologous production of complex chemicals, especially
the natural products. For example, complete opioids biosynthetic pathways consisting of 21
and 23 enzymatic reactions from plants, mammals, yeasts, and bacteria were integrated into the
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Figure 1. Systems metabolic engineering streamlines developing industrial overproducers by considering midstream (fermentation) and downstream (recovery and
purification) processes during upstream process (strain development) in designing new projects. (A) Projects are designed with diverse goals, production routes, and
renewable raw materials. (B) The portfolio of host strain is expanding beyond model organisms (Model) and natural overproducers to include diverse organisms with
attractive properties. (C) Reaction/pathway databases are used to design metabolic pathways by manual curation or in silico pathway prediction/design strategies. X-
ome mining, directed evolution, and synthetic design of enzymes expand reaction pools. Emerging DNA assembly and chromosome engineering tools are expediting
actual construction of the designed pathways in production hosts. (D) Tolerance against target chemicals is enhanced rationally or through adaptive laboratory evolution
(ALE). Tolerant strains isolated from ALE may provide clues to further enhance tolerance rationally. Process engineering approaches can also reduce effective
concentration of toxic chemicals. (E) Systems biology, synthetic biology, and evolutionary engineering tools accelerate metabolic flux optimization to maximize target
chemical production. (F) Fermentation goes in parallel with strain development (C-E), providing useful feedback. (G) Recovery and purification of products are critical
factors that must be considered to develop overproducer strains. (H) Metabolic fluxes are iteratively optimized based on the fermentation and recovery/purification
performances to facilitate scale-up from laboratory scale to full-scale. Abbreviations: EXCH, exchange; exp., expression; GRAS, generally recognized as safe; rel.
metab. flux, relative metabolic flux with respect to those in the whole biosynthetic pathway; KO, knockout; RBS, ribosome binding site.

822  Trends in Biotechnology, August 2019, Vol. 37, No. 8



Cell

REVIEWS
Table 1. Systems Biology Tools and Strategies for Systems Metabolic Engineering
Categories Tool and strategies Description Refs
Genomics Analysis of genetic structure of host organisms and identification of genetic changes associated  [38]
with desired cell properties by whole-genome sequencing.
Transcriptomics Analysis of transcriptome to understand the mechanism of cellular metabolism on the level of gene  [69,129]
expression patterns and identify transcriptional regulators for the overproduction of target
products.
Proteomics Understanding cellular metabolism based on the protein expression profiles and revealing the role  [133]
of post-translational modifications.
Metabolomics Discovering changes in metabolism upon engineering and identifying rate-limiting steps for [134]
production of chemicals to find additional engineering targets.
Orilesimuliteriies Fluxomics Quant|f|c§t|on of |ntrace||u|§r meltabohc fluxes by "“C metabolic flux analysis enabling identification  [64,136]
of potential targets for engineering targets.
Genomics Identification of changes in genetic composition and global gene expression during adaptive [182]
+ transcriptomics laboratory evolution to understand the mechanism of acquiring desired traits and identify further
engineering targets.
Genomics Characterization of strain-specific genetic and physiological differences for comprehensive [142]
+ transcriptomics understanding of phenotypes.
+ phenomics
Proteomics Combined analysis of proteome and metabolome to understand the changes in cell physiology  [183]
+ metabolomics upon different experimental conditions and identify promising metabolic pathways and engineering
targets.
antiSMASH Computational resource for the genome mining of biosynthetic gene clusters from bacteria, fungi,  [93]
and plants.
PRISM Computational approach for identifying biosynthetic genes and predicting chemical structures of  [94]
nonribosomal peptides and type | and Il polyketides based on the identified biosynthetic genes.
X-ome minin
& RODEO Genome mining tool for identifying biosynthetic gene clusters and predicting ribosomally [184]
synthesized and post-translationally modified peptides by combining hidden-Markov-model-based
analysis and heuristic scoring.
GE-PriSM Strategy to discover expressed gene clusters using proteomics-based approach. [95]
BNICE Computational tool to discover novel metabolic pathways using generalized reaction rules. [188]
rePrime/novoStoic Computational framework for metabolic pathway prediction including generation of reaction rules  [86]
(rePrime) and pathway design algorithm (novoStoic).
Pathway prediction . o : . .
and design RetroPath Computational tool for pathway prediction based on generalized reaction rules and retrosynthesis  [83,186]
scheme. The effectiveness of the tool was experimentally verified by constructing a pinocembrin
overproducer strain.
RetroRules Reaction rule database extracted from public databases of metabolic pathway prediction. [85]
AGORA Resource of semiautomatically generated genome-scale metabolic models for 773 human gut [138]
bacteria, which is compatible with human genome-scale metabolic models for analysis of host—
microbiome interactions.
Genome'—scale . merlin Computational framework for the reconstruction of genome-scale metabolic models, which [187]
metabolic modeling provides graphical interface for manual curation with visualized metabolic pathways.
RAVEN Computational framework for homology-based genome-scale metabolic model reconstruction [188]
using template models. RAVEN provides several tools for model curation and simulation.
ME-model Computational framework for constructing and simulating genome-scale models of metabolism  [143]
and gene expression, enabling computation of optimal proteome abundances for a given condition.
Omics-integrated sshio Computational framework for genome-scale metabolic models integrated with protein structure  [189]
genome-scale information from useful third-party structural bioinformatics tools such as DSSP, |-TASSER, and
metabolic modeling FATCAT.
Thermodynamics-based = Thermodynamics-based framework integrating the metabolome data to assign the reaction [190]

flux analysis (TFA)

directionality and thermodynamically constrain genome-scale metabolic models.
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Table 1. (continued)
Categories Tool and strategies Description Refs
CAMEO Python-based library for in silico metabolic modeling containing state-of-the-art algorithms for [191]
Gene knockout and identifying gene knockout and overexpression targets (e.g., FSEOF, MOMA, and ROOM).
overexpression BRA jonal f k f itati cti f biochemically feasible ph i
target identification COl Cc?mputatlonall ramework for guantltatlve prediction of biochemically feasible phenotypic states ~ [192]
using constraint-based modeling.
Allosteric regulation Engineering of allosteric binding sites to deregulate native feedback inhibitions. [193]
engineering
Enzyme engineering . X . . : L
Post-translational Engineering of the regulation of metabolic pathways and cell phenotypes through the modification  [194]

modification engineering  of post-translational modification systems.

chromosome of S. cerevisiae, successfully producing the opioids thebaine and hydrocodone,
respectively [28]. In another study, the opioid biosynthetic pathways were allocated to different E.
coli strains, and stepwise fermentation of these strains allowed production of the opioids from
simple carbon sources [111]. Similarly, allocating the biosynthetic pathway of oxygenated tax-
anes, precursors of an anticancer agent paclitaxel (also known as the brand name Taxol), into E.
coliand S. cerevisiae and subsequent coculture of the two microbial consortia was demonstrated
to produce oxygenated taxanes [30]. It will be interesting to see if bioprocesses using the mixed
engineered strains developed by such ‘divide-and-conquer’ type approaches can actually be
used in large industrial-scale fermentation for the production of complex molecules. By contrast,
production of the antibiotic erythromycin by engineered E. coli harboring a reconstructed 50-kb-
long biosynthetic gene cluster after testing various genetic constructs and plasmid combinations
has been reported [112].

Increasing Host Tolerance against Target Chemicals

The tolerance of host strains against the target chemicals can be rationally enhanced if the
molecular mechanisms of the toxicity are understood. For example, reducing the entry of toxic
chemicals to the cells [113], preventing toxic conversion and incorporation to cell biomass
[114], and active exporting of the toxic compounds to extracellular spaces [7,8,115,116] have
successfully enhanced the tolerance to toxic chemicals (Figure 1D). Readers are encouraged to
read a thorough review on the rational tolerance engineering [117].

Box 1. Evolutionary Engineering Tools and Strategies

Evolutionary engineering has been a common approach to improve phenotypes of strains or biological components (e.g., protein) mimicking natural evolution
process, but at higher rate and efficiency [165,166]. Evolutionary engineering covers both directed evolution and adaptive laboratory evolution (ALE). The principle
behind both techniques is to select a strain or protein with desired phenotype or characteristics from randomly generated variants. Directed evolution mainly deals
with proteins, while ALE is applied to cells. Engineering proteins to enhance catalytic activity, substrate specificity, thermal tolerance, and stability of enzymes by
applying artificial selection pressure is frequently called directed evolution [91,92]. The key principles of evolutionary engineering are massive genetic diversification
followed by rapid screening of the generated library. Various novel tools and strategies have been developed to facilitate evolutionary engineering (Figure ). ALE is a
powerful approach for evolutionary engineering (Figure IB) [167]. Automated serial culture can also be performed in smaller multimicroplates enabling massive and
parallel experiments [121,122]. Furthermore, microbioreactors allowing fine control of the culture conditions such as pH, temperature, dissolved oxygen, and
nutrients are also available (Figure IB) [120]. Since the success of evolutionary engineering depends on population heterogeneity generated by mutation, a variety of
genome-wide evolution approaches have been applied to increase genetic diversity of the mutant library, such as genome shuffling [168-170], global transcription
machinery engineering (GTME) [170,171], multiplex automated genome engineering (MAGE) [127,172], transcription activator-like effector nucleases (TALENS)
[173,174], and CRISPR/Cas systems [175] (Figure |IA). In addition to the traditional evolutionary engineering approaches, biosensor-assisted adaptive evolution,
which is a growth-uncoupled method, enables the effective laboratory evolution of strains to possess desired phenotypes (Figure IC) [176]. Recent advances in
whole-genome sequencing, omics technologies, and computational biology also enable better understanding of the genetic basis of evolved populations at
molecular levels. In particular, evolutionary engineering can compensate rational and/or other metabolic engineering tools to achieve certain phenotypes, such as
tolerance to a product, which is difficult to find a way to engineer. Numerous metabolic engineering studies have used evolutionary engineering approaches to
improve the tolerance [118] and performance [22,177] of the strains.
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Figure I. Evolutionary Engineering Tools and Strategies for Systems Metabolic Engineering. (A) Genome-wide evolution strategies to increase genetic
diversity. Genome shuffling conducted through protoplast fusion introduces multiple mutations throughout the chromosome by recombination-based DNA shuffling.
Global transcription machinery engineering (TME) randomly mutates global transcription factors and modifies global transcription profile. The resulting mutant library
with altered phenotypes is screened for desired traits. Multiplex automated genome engineering (MAGE) is a recombineering strategy allowing parallel, continuous,
and accelerated evolution of cells. MAGE can generate combinatorial mutations on multiple target sites through recursive rounds of single-stranded DNA
recombineering. CRISPR/Cas system allows sequence-specific cleavage of target DNA directed by guide RNAs. Use of multiple guide RNAs allows multiplexed
engineering. (B) Serial batch cultivation can be performed in shake flasks to obtain superior variants under selective pressures (e.g., temperature, carbon sources,
and toxic compounds). High-throughput microbioreactors enable parallel screening under controlled culture conditions. (C) Biosensors can accelerate ALE enabling
high-throughput screening of strains with desired properties. Transcription-factor-based biosensors use allosterically regulated transcription factors that induce
transcription of reporter genes (e.g., gfp) only in the presence of target metabolites. Riboswitch-based biosensors exploit riboswitches (i.e., RNA stem-loops that
change the secondary structure upon the binding of specific ligands). Ribosome binding site (RBS) in the riboswitch forms the stem structure in the absence of target
metabolite, preventing translation of reporter mRNA. Binding of the target metabolite to riboswitch induces change in the secondary structure and exposes RBS,
leading to the translation of reporter mRNA.

If the toxicity mechanism has yet to be reported, adaptive laboratory evolution (ALE) is a
useful strategy to isolate strains resistant to the target compound (Box 1 and Figure 1D) [118].
Subsequent systematic analyses of the isolated strains might reveal molecular mechanisms
of the resistance [119] and allow additional rational engineering of the host strains, possibly
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Table 2. Synthetic Biology Tools and Strategies for Systems Metabolic Engineering

Categories

DNA assembly

Chromosome
engineering

Trans-acting
gene expression
modulation

Tools and strategies

BioBrick assembly

Golden Gate
assembly

Gibson assembly

Single strand
assembly (SSA)

Ligase cycling
reaction (LCR)

Uracil specific
excision reagent
(USER) cloning

Transformation-
associated
recombination (TAR)
cloning

Transposon-
mediated integration
Site-specific
integration

Recombineering

Multiplex automated
genome engineering
(MAGE)

CRISPR/Cas
technologies

Synthetic small
regulatory RNA
(synthetic sSRNA)

Small transcription
activating RNAs
(STAR)

CRISPRIi

CRISPRa

CRISPR/Cas-based
DNA methylation
editing

Description

ldempotent assembly strategy using isocaudomers (i.e., restriction enzymes pairs that
generate the same overhangs). The number and relative positions of the isocaudomer
recognition sites in the assembly products are maintained after each round of cloning,
allowing simple iterative cloning of DNA fragments.

Seamless, scarless method to assemble multiple DNA molecules using type IIS
restriction enzymes and DNA ligase.

Isothermal, scarless, one-step method for assembling multiple overlapping DNA
molecules. 5" Exonuclease generates 5’ single-stranded DNA overhangs, which anneal
to their complementary pairs, DNA polymerase fills the gaps, and DNA ligase repairs
the nick.

Gibson assembly-derived method using multiple short overlapping single-stranded
DNA oligos for assembly.

One-step, scarless assembly method using single-stranded bridging oligos
complementary to the ends of DNA fragments. Denaturation-annealing-ligation cycles
controlled by thermocycling are used for assembly.

DNA assembly method employing compatible overhangs generated by uracil-excision.
Each DNA fragment is prepared by PCR amplification using primers containing uracil
residues and flexible assembly sequence tags.

PCR-independent in vivo assembly strategy of capturing, refactoring, and expressing
biosynthetic gene clusters of large sizes by exploiting endogenous homologous
recombination of S. cerevisiae.

Gene integration method exploiting the nature of transposons jumping to random
positions on DNA.

Integration tool employing sequence-specific recombination systems to insert genes of
interest to specific genetic elements on chromosome (either endogenous or artificially
introduced).

Homology-based recombination system derived from bacteriophages. Use of the
donor plasmid system was demonstrated to facilitate the integration of large genes to
chromosomes. Both chromosome and plasmids can be engineered using this system.

Recombineering-based genome engineering strategy that uses multiple short
oligonucleotides for simultaneous modification on multiple target sites. Other genetic
engineering tools, such as coselection markers, site-specific recombinases, and
CRISPR/Cas systems can be used together to further increase the efficiency of this
strategy.

RNA-guided target specific DNA cleavage system originated from bacterial adaptive
immune system. This system has many variations for diverse engineering purposes.

Gene expression knockdown tool based on synthetically designed sRNAs that
complementarily bind to target mMRNAs and block translation.

Gene expression activation tool that uses synthetic sSRNAs binding upstream of target
genes to disrupt the formation of stem-loop structures and derepresses the gene
expression.

Gene expression knockdown tool using catalytically inactivate effector Cas proteins
and their guide RNAs to block transcription of target genes.

Gene overexpression tool that uses catalytically inactive effector Cas proteins fused to
transcription activators to enhance the expression of target genes.

CRISPR/Cas-based tool that sequence-specifically edits DNA methylation profile.
Catalytically inactive effector Cas proteins are fused to methyltransferases or a
dioxygenases to methylate or demethylate target DNA sites.
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Table 2. (continued)

Categories

Stable gene
expression

Substrate
channeling

Biosensors

Synthetic
genetic circuits

Enzyme
engineering

Tools and strategies

Stabilized promoters
with incoherent
feedforward loop
(IFFL)

Plasmid addiction
system

Stable and tunable
plasmid (STAPL)
system

Direct fusion of
enzymes

Synthetic protein
scaffold

Synthetic DNA
scaffold

Synthetic lipid-
containing scaffold
(SLS)

Bacterial
microcompartment
(BMC)

Sequestration to
eukaryotic organelles

Enzyme-coupled
biosensor

Transcription factor-
based biosensor

Cello
CHOMP

Deadman and
Passcode

De novo enzyme

design

Modular polyketide
synthase (PKS)
engineering

Cell

Description

Strategy to stabilize the gene expression level of promoters regardless of copy number.
TALEs are used to form incoherent feedforward loop.

Post-segregational killing system used to maintain plasmids stably without antibiotics.
A toxin-antitoxin system with stable toxin and less stable antitoxin (e.g., hok/sok
system) is frequently used for this purpose.

A variation of plasmid addiction system for stable and tunable maintenance of plasmid
copy number. An essential gene is incorporated to the plasmid and expressed in
different levels to modulate the plasmid copy number.

Direct connection of enzymes via short and flexible protein linkers (e.g., glycine-serine
linker)

Enzyme colocalization strategy using synthetic protein scaffolds and affinity tags to
recruit enzymes of interest.

Enzyme colocalizing strategy using zinc finger domains to recruit target enzymes to
synthetic DNA motifs used as scaffolds.

Enzyme colocalizing strategy exploiting the coassembly of lipids and bacteriophage ¢$6
membrane proteins P9 and P12.

Self-assembling microstructures consisting of selectively permeable protein shells that
allow the encapsulation of target enzymes.

Spatial regulation of metabolic pathways employing translocation tags to localize target
enzymes to a specific organelle.

Enzyme-based reporter system that converts target metabolites into easy-to-detect
compound to estimate the level of target metabolites.

Reporter system based on target metabolite-specific transcription factor that induces
the expression of reporter genes, allowing the estimation of target metabolite level
based on the intensity of the signals from the reporter system.

Genetic circuit design automation strategy using electronic design automation.

Synthetic protein-level genetic circuit that consists of viral proteases capable of
constructing protein-protein regulation system.

Biocontainment system with circuit-based microbial kill switches. Multiple
environmental signals are considered to induce cell death.

Protein engineering strategy using computational models to predict the structure of a
desirable protein and create stable and customized proteins.

Protein engineering strategy that exploits different modules of multiple PKSs to create
recombinant PKSs with novel and desired catalytic activities.

leading to further tolerance enhancement (Figure 1D) [22]. Recently invented tools and
strategies for serial cultivation and subsequent screening — for example, eVOLVER [120],
Mini Pilot Plant [121,122], PALE ALE (R. A. LaCorix, PhD thesis, UC San Diego, 2016), and
TALE [1283] — and for increasing genetic diversity — for example, PACE [124], YOGE [125], ICE
[126], and MAGE [127] — are expected to facilitate isolating strains with high resistance
against the target products (Box 1). Based on the selection strategies used, the ALE
approach will also facilitate identification of strains possessing better performance in terms
of titer and productivity.
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The toxicity issues of the target chemicals can also be circumvented by process engineering
strategies. In situ recovery of the chemicals with toxic effects [128] and sequestration of toxic
products or precursors to another phase during the fermentation [52,114] have been proved to
reduce the toxicity and enhance the performance of the strain (Figure 1D). Such processes
might provide further advantages of product recovery and purification in the downstream
processes.

Metabolic Flux Optimization

Upon the construction of base strains capable of producing desired products with the
reconstructed biosynthetic pathways, various tools and strategies are available to maximize
the metabolic flux toward the target products. Systems-level analyses of the host metabolic
network and other omics data have played pivotal roles to this end, as exemplified by the initial
systems metabolic engineering studies that significantly enhanced the production of L-valine [7]
and L-threonine [8]. Recent technological breakthroughs in DNA/RNA sequencing, mass
spectrometry, and other omics strategies allow acquisition of more data (bio-big data) related
to cellular physiology and metabolism, providing clues to optimize the production strains
(Figure 1E and Table 1).

Powered by high-throughput DNA/RNA sequencing techniques, transcriptomic profiling has
been applied to design and optimize strains and processes by revealing the metabolic processes
activated under certain conditions [65,129,130]. However, transcriptomic data should be care-
fully inspected to understand the metabolism, as the metabolic activities are not directly associ-
ated to the transcript levels. Proteome analysis, which more closely represents the actual
metabolic activities than the transcriptome analysis, has been facilitated by the recent advance-
ment of mass spectrometry and has contributed to more comprehensive understanding of cell
physiology [131,132]. Recent advances in proteomics have also enabled the understanding of
post-translational modifications and their impacts on metabolic engineering [133]. Further
considerations on protein—protein interactions are expected to provide deeper insights for
systems metabolic engineering. It should however be noted that the levels of proteins (enzymes
in particular) also do not necessarily match their enzyme activities. Metabolomics, which directly
observe the levels of metabolites under particular conditions, can complement our understand-
ing, and thus has also been used to optimize strain performances [134]. Nevertheless, the
quantification of metabolites at low concentrations is still a challenge. Fluxomic analysis, which
provides the closest description of the cell metabolism among all omics studies, has been widely
used to develop industrial strains for various chemicals [64,135,136]. Fluxomic analysis is
expected to present blueprints to systems metabolic engineering in spite of the remaining
technical difficulties in accurately determining the flux values.

Along with the omics tools and strategies, various in silico genome-scale metabolic models
(GEMSs) [137,138] and associated simulation methods [139,140] have been successfully applied
to developing diverse overproducer strains (Figure 1E and Table 1) [33]. Integrating omics data
such as transcriptome, proteome, and fluxome information into GEMs to obtain a more compre-
hensive perspective of the cellmetabolismis arecent trend in this field [141,142]. Metabolism and
expression (ME) models, which integrate the gene expression and protein synthesis information
extracted from the quantitative proteomics data to GEMs, are one example [143]. Similarly,
another modeling method called GECKO provides a mechanistic approach to computing cellular
conditions by incorporating kinetic parameters of enzymes [144].

Parallel to the advances in omics and in silico modeling/simulation, rapid advances in synthetic
biology tools and strategies (Table 2) further expedite construction of overproducer strains.
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While conventional yet efficient genome-engineering tools including recombineering systems
[108] are actively used for engineering, the recent emergence of CRISPR/Cas technologies has
shifted the engineering paradigm (Figure 1E) [68,69,109,110]. To precisely control target gene
expression and balance metabolic fluxes toward the target product, promoter and ribosome
binding site (RBS) libraries have been generated to find optimal expression levels of target
genes maximizing the formation of desired products (Figure 1E) [145]. Moreover, incorporation
of essential genes was exploited for tunable and stable control over plasmid copy number
[146], and transcription activator-like effector (TALE)-coupled promoters were devised to fix the
expression level independent of gene copy numbers (Figure 1E and Table 2) [147].

The development of trans-acting gene expression knockdown tools, including synthetic small
regulatory RNA (sRNA), RNA interference (RNAi), and CRISPR interference (CRISPRI), has
allowed the rapid system-wide screening of gene expression modification targets (Figure 1E
and Table 2). Downregulating the translation of selected target mRNAs in bacteria by using
synthetic sSRNAs, strains overproducing chemicals could be easily and efficiently developed
[148]. For eukaryotes, RNAI has been successfully used to knockdown target gene expression
by translational inhibition or transcript degradation, resulting in enhanced target chemical
production [149]. In contrast, CRISPRI, which blocks the transcription of the target gene
[150], also enables efficient screening of beneficial gene knockdown targets and subsequent
enhanced production of target chemicals [151,152]. Further exploitation of antisense RNAs
and CRISPR/Cas systems also enables target gene derepression [153], overexpression [154],
and methylation systems (Figure 1E and Table 2) [155]. Introduction of an aptamer, a cis-acting
gene regulatory element that changes the secondary/tertiary structures upon binding of
specific ligands, to the 5’ end of the target gene is another strategy to fine-tune the expression
level of target genes based on the concentrations of the specific ligands [156]. These gene-
expression-modulating tools can be coupled with metabolite biosensors to identify engineering
targets by high-throughput screening (Figure 1E, Figure IC in Box 1, and Table 2), as
exemplified by a recent study that coupled a malonyl-CoA biosensor and an E. coli
genome-scale sRNA library [157]. Further expansion of metabolite biosensor portfolio [24]
is expected to facilitate high-throughput screening of beneficial engineering targets for devel-
oping high performance strains suitable for industrial-scale biobased production of chemicals.

In addition to the genetic engineering strategies, substrate channeling is an alternative strategy
to enhance metabolic fluxes (Figure 1E and Table 2). In addition to spatially colocalizing relevant
enzymes using synthetic scaffolds [158,159] or directly fusing the modules [160], target
enzymes can be sequestered and colocalized to synthetic microcompartments in bacterial
cells [161] or specific organelles in eukaryotic cells [36]. These strategies allow securing
intermediates from competing pathways, isolating toxic intermediates, and increasing the
local concentrations of intermediates and enzymes.

Scaling up to Industrial Production

An overproducer strain that is engineered to perform well at the laboratory scale might show
suboptimal performances as the fermentation is scaled up to the pilot or demonstration scale,
and eventually to full industrial-scale production for commercialization (Figure 1F). For
example, the changes in oxygen transfer profiles at different fermentation scales are critical
to the strain performances in aerobic fermentations. Also, as the fermentor size increases,
there is higher chance of local substrate concentration difference due to imperfect mixing,
causing suboptimal performance of the developed strain. Many typical issues during scale-up
processes can be predicted and considered at the project design step of systems metabolic
engineering research to generate strains resistant to such changes in fermentation conditions
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Box 2. Current State of Bioproduct Commercialization

There have been increasing numbers of bioproducts commercialized by using metabolically engineered microbes. These bioproducts include monomers, polymers,
natural products, amino acids, and fuels among others (Figure I). Diols used as monomers include 1,2-propanediol, 1,3-propanediol, and 1,4-butanediol and were
commercialized by Cargill, DuPont, and Genomatica/Novamont. In addition, engineered microorganisms and bioprocesses for the fermentative production of one or
more of the monomers used in manufacturing bio-based polymers have also been commercialized by many companies, including Arkema, BASF, Braskem, Cathay
industrial biotech, Coca-Cola, DSM, Cristal Union, DuPont, Evonik, GFBiochemicals, Global Bioenergies, Goodyear, India Glycols Ltd., ltaconix, JBF Industries Ltd.,
NatureWorks, Purac, and Toray.

Natural products thatinclude fragrance and flavoring agents have also been commercialized. Vanillinis a popularly used flavor compound with many industrial applications,
where 85% of the total vanillin produced has traditionally been sourced from petrochemicals (labeled ‘artificial’), 15% from woody biomass, and less than 1% extracted
naturally from vanilla orchids (labeled ‘natural’). As a step toward increasing natural vanillin, a metabolic engineering effort has been exerted to introduce heterologous
biosynthetic pathways to produce vanillin from 3-dehydroshikimic acid in microbes [178-180]. The Swiss company Evolva successfully commercialized vanillin production
using a metabolically engineered microbe, and in 2011 partnered with International Flavor and Fragrances (IFF) with the product being brought to market in mid-2014
(www.evolva.com/vanillin). Evolva also commercially produces resveratrol using engineered microbes (www.veriteresveratrol.com). The antimalarial drug artemisinin,
produced by engineered yeast, is one of the best examples of commercialized natural products produced by metabolic engineering. It will be of interest to see how complex
economic issues hampering continued large-scale production associated with this process will be resolved [181].

Amino acids are another group of chemicals that are extensively produced by engineered microbes such as C. glutamicum and E. coli. One recent success example is L-
methionine, a highly demanded essential amino acid for animal feed supplement with a global market size of US$5 billion dollars. Conventional technologies using
petroleum-based methods had dominated the market and had been only able to offer b.-methionine. More recently, Metabolic Explorer and CJ Cheil Jedang
independently developed and established biofermentation processes to produce stereospecific L-methionine, which was once infeasible with conventional production
methods  (https://www.metabolic-explorer.com/2016/11/03/metabolic-explorer-has-received-from-evonik-a-binding-offer-for-its-methionine-technology-platform/;
https://redox.com/News/product-focus-cj-start-production-of-I-methionine).

Chemicals that can be used as biofuels such as isobutanol and farnesene have also been successfully commercialized by companies Gevo and Amyris, respectively.
Other chemicals that are being commercially produced are docosahexaenoic acid (Corbion), B-carotene (BASF), and lipids (Terravia).
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Figure I. Representative Examples of Commercialized Bioproducts. Representative bioproducts that have been commercialized through industrial-scale
fermentations using metabolically engineered microorganisms.
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Figure 2. Future Directions of Systems Metabolic Engineering. Public consensus about the safety of genetically modified organisms (GMOs), especially
engineered generally recognized as safe (GRAS) strains and their products, plays an important role in promoting the translation of high-performing production strains to
industries. Although more than 16 000 metabolic reactions have been reported, biosynthetic pathways of many important chemicals (e.g., natural products) are still
unknown. Continued efforts, such as X-ome mining and enzyme engineering, are required to fill the gaps. The in silico modeling/simulation of production host
metabolism can be refined to provide more precise results with the integration of omics information such as transcriptome, proteome, metabolome, fluxome, regulome,
or even enzyme kinetics. Moreover, current in silico modeling/simulation returns numerical values of optimal fluxes that cannot be directly translated to biological
expression components [e.g., promoter and ribosome binding site (RBS)], requiring screening experiments to identify the best expression conditions. /n silico tools that
provide modeling/simulation results in biological languages (e.g., suggestions for promoters and RBSs) will reduce the gap between in silico and wet experiments, thus
streamlining strain development. Standardization and modularization of biological parts are also urgent assignments to be resolved as modest changes in the context (e.
g., medium composition, temperature, expression platform, and biological components used together) often cause significant fluctuations in the performances. In silico
tools that predict contextual effects and suggest appropriate biological parts to be used can be an alternative solution for the performance variation issue. Recent
advances in artificial intelligence are expected to upgrade multiple aspects of systems metabolic engineering, including aforementioned issues.
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(Figure 1). In addition, systems metabolic engineering helps resolve unexpected issues that
arise during the scale-up by re-entering the strain engineering cycles to improve the perfor-
mance of the strains during larger scale fermentations (Figure 1). Further iteration of the
systems metabolic engineering cycles that further upgrade strain performances based on the
feedback obtained from bioprocess operation (including fermentation, product recovery, and
purification) allows successful establishment of industrial-scale production. In addition, plas-
mid-based overexpression of genes often carries the risk of plasmid instability, particularly
when metabolic burden exists [33]. Such genetic instability issues of production strains
harboring plasmids can be overcome by integrating genetic changes to the chromosomes
[22,26] as described earlier. While the use of antibiotics is discouraged, the problem of
contaminating microorganisms affecting fermentation industries is a serious problem that
requires much attention. Recent approaches demonstrated improvement in competitive
fitness of production hosts against contaminating organisms by introducing xenobiotic
nutrient utilization pathways to the production hosts [162]. Instead of using common com-
pounds for the nitrogen source of the host that is readily used also by contaminating
organisms, rare xenobiotic nutrient compounds (e.g., melamine) that are only catabolized
by the production host harboring the utilization pathway can be used as the nitrogen sources.
Such innovative strategies can address the problem of contaminating microorganisms
growing in the absence of antibiotics [163].

Biocontainment of the engineered stains is another important issue to be considered to develop
an engineered industrial production strain — not only to prevent unwanted environmental
dissemination but also to secure the strain. While most of such biocontainment systems
explore the auxotrophic strains that require exogenous or nonnatural metabolites for growth,
recent advances in synthetic biology have constructed synthetic biological circuits that allow
cell growth only when complex combination of nutrients have been met (Table 2) [164]. Such
tools and strategies are believed to further expand the current profile of outstanding overpro-
duction strains and bioprocesses successfully translated to the industry (Box 2).

Concluding Remarks and Future Perspectives

For more than a decade, systems metabolic engineering has demonstrated its potential to
streamline the overall processes from the initial strain design to scaling up to full-scale industrial
production. This interdisciplinary field continues to evolve rapidly with advances in the fields of
systems biology (Table 1), synthetic biology (Table 2), and evolutionary engineering (Box 1).
New tools and strategies are continuously developed in these three disciplines and are
accelerating the design and engineering of superior producer strains optimized for actual
industrial applications.

As mentioned earlier, only a few producer strains and processes developed have actually been
translated to industrial production (Box 2; see Outstanding Questions). Although many different
microbial strains capable of overproducing diverse chemicals and materials have been suc-
cessfully developed by systems metabolic engineering, there are still even more important
chemicals — especially natural products of high medical and nutritional significance — awaiting
production. Development of engineered strains for producing many such natural products is
still difficult, mainly due to the lack of complete knowledge on the corresponding biosynthetic
pathways/enzymes and generally long/complex biosynthetic pathways involving some difficult-
to-express genes of plant or animal origin. Continued genome mining and enzyme engineering/
evolution will expand the pool of efficient biosynthetic pathways and enzymes (Figure 2), while
better tools still need to be developed for expressing genes that have so far been difficult to
express.
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Outstanding Questions

How can we accelerate the translation
of engineered overproducer strains to
industries?

How can we improve public percep-
tion to metabolically engineered micro-
bial strains?

How can we accelerate the expansion of
biosynthetic pathways and enzyme
pools? What are the new tools and strat-
egies in genome mining and relevant
omics studies that will expedite the iden-
tification of metabolic pathways and
enzymes for bioproducts of interest, in
particular natural products? How can
we best apply enzyme engineering and
evolution strategies to develop missing
enzymes for the biosynthesis of bioprod-
ucts including natural products?

How can we more accurately deter-
mine solution spaces computed from
in silico metabolic simulation for more
precise prediction and design? How
can data from omics studies and sys-
tems biology strategies be better inte-
grated to enhance precision of
modeling and simulation?

How can we make direct links between in
silico simulation results and practical
parameters in strain engineering? Can
in silico simulation provide specific biolog-
ical parts in the library, rather than the
numerical data on optimal fluxes, for more
intuitive and straightforward engineering?

How can we standardize and modularize
biological parts for more accurate plug-
and-play uses during strain engineering?
Are perfectly modular biological parts (.
e., standardized performance and inter-
ference in any biological context) realiz-
able to some extent? If it is unrealistic,
could in silico strategies be used to con-
sider context-dependent fluctuations
during the modeling/simulation and to
provide adjusted outputs for practical
engineering purposes?

How can we incorporate recent advan-
ces in artificial inteligence and
machine learning to upgrade the cur-
rent tools and strategies of systems
metabolic engineering? How can we
make biological data to be collected as
bio-big data more reliable and univer-
sally usable?



Refining the solution spaces computationally determined by in silico metabolic simulation is also
urgently needed to enable higher engineering predictability (Figure 2). Integration of omics data
on the transcription, translation, and catalytic rates of metabolic enzymes as well as relevant
proteome, metabolome, fluxome, and regulome information are expected to improve the
precision of modeling and simulation. Better understanding and developing the quantitative
links between the in silico simulation results (e.g., numerical flux data) and actual components
and parameters in strain development (e.g., promoter/RBS and their strengths) will further
facilitate the application of the modeling and simulation results to actual construction of strains
(Figure 2).

Moreover, biological parts used for strain development often show significant fluctuations in
different biological contexts and interference to each other. Standardization and modularization
of the strains/biological parts or the development of in silico tools that predict the inevitable
interferences and provide corrected designs for engineering will minimize unnecessary trial-
and-error type experiments (Figure 2). It is expected that still rapidly increasing amounts of data
will become available. As such bio-big data become available, tools and strategies of data
science and artificial intelligence will be increasingly used for extracting new knowledge and
information and also for suggesting better engineering strategies to upgrade systems meta-
bolic engineering (Figure 2).
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