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Host and Consortia Engineering 

Summary 
Host and Consortia Engineering spans the development of cell-free systems, synthetic cells, 
single-cell organisms, multicellular tissues and whole organisms, and microbial consortia and 
biomes. Development of robust cell-free systems capable of diverse reactions, domestication and 
use of many single-cell hosts, targeted modification of multicellular organisms, and manipulation 
of microbial consortia.  

Introduction and Impact
Engineering biology has delivered new tools to engineer microorganisms, plants, and 

animal cell lines. There are now entirely new ways to construct hosts to perform tasks that nature 
cannot accomplish. While many of these efforts have focused on 'traditional' hosts represented 
by model microbes like E. coli and S. cerevisiae, there is a wealth of potential if the unique 
capabilities of a broader range of microbes can be harnessed for useful purposes. These might 
include microbes that are photosynthetic, such as cyanobacteria (Markley, Begemann, Clarke, 
Gordon, & Pfleger, 2015), that can utilize non-sugar feedstocks such as methane or lignocellulose 
(Haitjema, Solomon, Henske, Theodorou, & O’Malley, 2014; Sundstrom & Criddle, 2015), or that 
can be engineered to produce and secrete complex macromolecules more efficiently than model 
hosts. The possibility that stable multi-organism consortia and biomes of defined compositions 
could be constructed is particularly tantalizing.  

Cell-free biology has been a staple of life science research for more than 50 years. More 
recent technological achievements have created cell-free gene expression systems that can 
produce protein at titers reaching grams/liter, that can be constructed from non-model organisms, 
and that are greatly minimizing the time needed to prototype systems and circuits via the design-
build-test cycle. The model-driven construction of complex cell-free systems as hosts could result 
in programmable hosts for advanced biosensing, for on-demand biomanufacturing, and even for 
the bottom-up construction of synthetic cells.  

At present, engineering complex functions in non-model hosts remains difficult because 
many of the tools and approaches developed for model organisms cannot be applied with the 
same efficacy in non-model organisms. The profound impact that the development of similar tools 
and approaches for engineering non-model organisms would bring to two of the world's most 
important industrial sectors, energy and chemical production, more than justify attention to these 
challenges. It will be crucial to ensure that sufficient attention is given to biosecurity and 
biodefense risks that will rise along with improved capabilities for engineering diverse microbes 
(National Academies of Sciences, Engineering, and Medicine, Division on Earth and Life Studies, 
Board on Life Sciences, Board on Chemical Sciences and Technology, & Committee on 
Strategies for Identifying and Addressing Potential Biodefense Vulnerabilities Posed by Synthetic 
Biology, 2018). The pharmaceutical industry has long biomanufactured fermentation-based 
natural products in microbes and therapeutic proteins from mammalian cell culture, both of which 
could be dramatically improved through advancements in host engineering. 

 Compared to engineering in single cell hosts, the state-of-the-art for engineering 
multicellular systems and organisms is less well-developed. To date, these approaches have 
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been primarily aligned with natural reproduction, where genetically identical cells and tissues are 
created by editing the gametes or embryos of plants or animals. Gene editing methodologies 
introducing biochemical and molecular changes have already resulted in plants and animals with 
desirable characteristics that may be difficult to obtain through traditional breeding techniques. 
Further developing the capacity to reliably, and selectively, edit and modify multicellular 
eukaryotes could be transformative for a broad range of environmental and agricultural 
applications. 

Host and Consortia Engineering focuses on the advancement of tools and technologies 
required for the characterization and engineering of host cells and organisms, and the integration 
and interaction of these systems and the environment. This includes developing methods, tools, 
and models to: 1) generate synthetic cells and cell-free systems to accomplish tasks and 
processes that cannot be accommodated by existing natural hosts; 2) enable organismal 
transformation, modification, and reprogramming of cellular chemistry, biology, and transport; 3) 
predict and integrate inputs and outcomes from environmental signals; and 4) enable the control, 
definition, and determination of differentiation, three-dimensional architecture, and other aspects 
of complex multicellular systems and biomes.  

Transformative Tools and Technologies 
Cell-free systems 

Cell-free biology is the activation of complex biological processes without using intact 
living cells. While used for more than 50 years across the life sciences as a foundational 
research tool, a recent technical renaissance has made possible high-yielding cell-free gene 
expression systems (that produce protein in excess of grams/liter), the development of cell-free 
platforms from non-model organisms, and multiplexed strategies for rapidly assessing biological 
design-build-test cycles. These advances provide exciting opportunities to profoundly transform 
engineering biology through new approaches to model-driven design of genetic circuits, fast and 
portable sensing of compounds, on-demand biomanufacturing, building cells from the bottom up 
(i.e., synthetic cells), and next-generation educational kits. Key opportunities lie in 
understanding, harnessing, and expanding the capabilities of biological systems. For example, 
through the use of cell-free systems to inform cellular design, the efficiency of DNA synthesis 
can be amplified so that many different genes (encoding many different biomolecules) can be 
synthesized. The ability of cell-free systems to transcribe and translate a piece of DNA without 
the need to clone it into a specific vector and transforming into an organism (with all the limits 
associated with DNA transformation efficiencies) enables cell-free systems to shorten the time 
to testing, thus speeding up the overall design-build-test cycle, and enabling the scalable 
prototyping of gene function. However, to date, there are limited numbers of large datasets 
available that allow comparison of part performance between the cell-free environment and in 
cells (in vivo). One need is to make data and models available to the community so that others 
can build and test improved models leveraging already developed systems and data. In another 
direction of research, there is a need to investigate the use of cell-free systems in 
manufacturing. Imagine how rapid access to vaccines and therapeutics in remote settings could 
change lives, and how new biomanufacturing paradigms suitable for use in low resource 

Engineering Biology: A Research Roadmap for the Next-Generation Bioeconomy

Technical Themes - Host and Consortia Engineering

62



June 2019 

   

settings might promote better access to costly drugs through decentralized production. “Just-
add-water” freeze-dried, cell-free systems could offer a disruptive approach to emerging and re-
emerging diseases threats. It is a paradigm shifting concept. 

Tools for engineering and characterization of host organisms 
Today, we have a number of host organisms for which we have a satisfactory 

understanding of their metabolism and sufficient genetic tools that we can use for reliable 
engineering. However, there are a number of applications that beg for more suitable chassis. 
There is a need to develop new tools for existing organisms, as well as entirely new platform 
organisms, and capabilities compatible with high-throughput, data-driven workflows that are 
becoming increasingly favored in industrial biotechnology. Key capabilities needed across 
organisms include reliable transformation methods for plasmid delivery and genome integration, 
and well-characterized genetic parts (including promoters and terminators) to regulate gene 
expression (Johns et al., 2018). Predictive models for gene and protein expression-timing and -
levels are also needed. Through the successful engineering of a broader library of host cells 
and multicellular organisms, we can increase the number of reporters and tools to better 
understand biology, establish new living sensors and sentinels, and expand the production of 
polymers, metabolites, and numerous other products. 

Host onboarding and transformations 
One area of host engineering where progress still needs to be achieved is the on-

boarding of engineered genetic sequences, circuits, and pathways into host cells. Crucial to this 
is a detailed understanding of the central dogma machinery and a systems-level understanding 
of host physiology such that genes can be reliably expressed and (synthetic) pathways 
incorporated without negatively impacting fitness. This will include an understanding and 
prediction of the endogenous gene regulator elements, including transcription factors, important 
DNA cis elements, regulatory RNAs, and the role of chromatin and epigenetic markings. 
Furthermore, there is the need for fully sequenced and annotated genomes for the majority of 
organisms; this can be extended to fully annotated metabolic pathways and enzyme activities. 
Advancements in genetic transformations (or viral transductions) and the ability to manipulate 
the genome, and ultimately, the ability to transplant chromosomes, would enable more robust 
design, control, and/or domestication of host organisms and their functional cellular machinery. 
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Roadmap Elements 
Goal 1: Cell-free systems capable of natural and/or non-natural reactions. 

[Current State-of-the-Art]: Cell-free synthetic biology is emerging as a transformative 
approach to understand, harness, and expand the capabilities of natural biological systems. The 
foundational principle is that complex biomolecular transformations are conducted without using 
intact cells. Instead, crude cell lysates, or extracts, are used, which provides a unique freedom-
of-design to control biological systems for a wide array of applications. For example, cell-free 
protein synthesis (CFPS) systems have been used to decipher the genetic code, prototype 
genetic circuits (Moore et al., 2018; Takahashi et al., 2015) and metabolic pathways (Karim & 
Jewett, 2016), enable portable diagnostics (Pardee et al., 2016; Wen et al., 2017), facilitate on-
demand biomolecular manufacturing (Pardee et al., 2016), produce antibody therapeutics at the 
commercial scale (Yin et al., 2012), and enable advances in education (Huang et al., 2018; 
Stark et al., 2019, 2018). The recent surge of applications has revitalized interest in cell-free 
systems, especially in areas where limits imposed by the organism may impede progress. 
Despite these advances, several barriers limit advancement of the field. Specifically, there are 
opportunities to: (i) standardize lysate generation approaches, (ii) enable decentralized 
manufacturing of complex therapeutics and vaccines, (iii) establish design principles for 
genetically-encoded biosensors to rationalize their engineering for addressing global 
sustainable development goals (e.g., food and water security) including portable and on-
demand strategies, (iv) reduce costs of cell-free reactions by enabling long-lived protein 
expression, (v) generate large datasets and quantitative models to allow comparison of part 
performance between the cell-free environment and in cells (in vivo), (vi) synthesize more 
complex classes of proteins such as glycoproteins, (vii) construct synthetic cellular machines 
(e.g., ribosomes) and biosynthetic modules to both understand life and lead to new 
manufacturing paradigms, and (viii) build cells from the bottom up. 

[Breakthrough Capability 1]: Ability to build reproducible and comparable cell-free systems for 
practical applications in bioengineering and biomanufacturing from multiple organisms, including 
non-model hosts. 

● 2 years: Complete characterization of the general effects of cell-growth harvest
conditions and extract preparation parameters on bacterial cell-free extract
behavior (e.g., protein synthesis and native genetic regulators).

○ [Bottleneck]: Inability to produce cell-free systems in a scalable and standardized
fashion, protocols for cell-free systems generation vary from lab-to-lab, and
reactions are carried out at very small volumes (1-10µl) that limit the extent to
which we can characterize the systems; for example, we lack an understanding
of how the metabolic state of an extract impacts energy usage, protein synthesis,
and DNA/RNA regulation.

■ [Potential Solution]: Arrive at a standardized bacterial cell-free system
extract generation and reaction protocol that is robust, inexpensive, and
would allow their routine scalable production; this includes identification of
energy mixtures robust to various extract preparation procedures.
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■ [Potential Solution]: Use -omics tools (e.g., mass spectrometry, next
generation sequencing) to understand batch-to-batch and lab-to-lab
lysate quality and composition variability.

■ [Potential Solution]: Define an equipment set for bacterial lysate
preparation (i.e., lysis technique).

● 5 years: Complete standardization of common-use bacterial cell-free system.
○ [Bottleneck]: Ad hoc use of different extract preparation procedures, cell-free

reaction conditions, and reporter construct architectures lead to challenges in
making reproducible and comparable cell-free systems.

■ [Potential Solution]: Design cell-free system physiochemical composition
that is robust to different process parameters, or identify compositions for
each defined extract preparation method.

■ [Potential Solution]: Identify and implement measurement techniques
needed to facilitate reproducibility (e.g., standard assay for quantifying
activity across labs).

■ [Potential Solution]: Rigorously characterize and understand how reaction
geometries and surface area-to-volume impact cell-free system
performance.

■ [Potential Solution]: Create a plasmid repository specific to bacterial cell-
free systems (including T7 constructs and E. coli promoters), with a
description of performance (such as protein expression kinetics).

■ [Potential Solution]: Develop a quantitative ‘culture’ to cell-free system
practices.

● 10 years: Complete library of user-defined reaction components for use in a
customizable cell-free system.

○ [Bottleneck]: Gaps in understanding critical components and how they vary
across species and kingdoms (e.g., prokaryotes vs. eukaryotes).

■ [Potential Solution]: Assess critical parameters with design-of-
experiments and machine learning across strains and procedures.

■ [Potential Solution]: Develop an online tool to customize the components
of a cell-free reaction for a given organism and approximate RNA/protein
output, reveal components that should have been included, and
application-specific assembly (metabolic engineering vs. protein synthesis
vs. circuits).

○ [Bottleneck]: Ability to regenerate energy and cofactors with native metabolism is
constrained in non-E. coli platforms.

■ [Potential Solution]: Assess metabolic pathways that could be activated to
facilitate energy regeneration.

■ [Potential Solution]: Develop exogenous cofactor regeneration modules to
drop in and out when native ones are missing.

■ [Potential Solution]: Incorporate genome-scale models to predict energy
and cofactor regeneration systems most suitable for a new host.
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● 20 years: Consistent ability to generate cell-free systems from any organism or a
subset of organisms that make all types of desired products, including all
biological kingdoms and DNA programmed cell-free systems at-scale.

○ [Bottleneck]: Gaps in understanding critical components of host lysates that
make each unique and which to use for a specific, desired product.

■ [Potential Solution]: Identify the critical species-specific components
(using -omics approaches) and experimentally validate these components
(including transcription factors, accessory proteins for translation, and
metabolic modules).

○ [Bottleneck]: Production of lysate relies on scaled-up culturing of sometimes
recalcitrant cells.

■ [Potential Solution]: Understand which extract preparation protocol
parameters should/can be tuned to match a new organism (i.e., trace the
physiology of an organism to the extract preparation parameters).

○ [Bottleneck]: Identify units of operation required for the scale-up and scale-out
production of cell-free systems.

■ [Potential Solution]: Identify quality assurance and quality control metrics
at each unit of operation that would allow the scale-up of the process.

[Breakthrough Capability 2]: Ability to build a cell, including the molecular subsystems that 
enable the processes of DNA replication, transcription, translation, energy regeneration, and 
membrane construction. 

● 2 years: Demonstrated ability to synthesize all components encoded by a minimal
or synthetic cell using cell-free systems.

○ [Bottleneck]: Multiple minimal genomes necessary for building a cell have been
proposed but none have yet been demonstrated to work in this context.

■ [Potential Solution]: Define a set of possible minimal genomes that could
enable self-replication of a minimal cell and make these component parts.

■ [Potential Solution]: Test each component of a minimal cell individually
(including metabolic modules, regulation by most types of regulators,
etc.).

● 5 years: Demonstrate and design a minimal genome that could support the
construction of a cell, including regulation.

○ [Bottleneck]: We do not yet know how to build genomes de novo, and native
genomes have built-in regulation that may not be suitable for engineered
biological systems.

■ [Potential Solution]: Create and refactor modularized pathways for
building a minimal cell.

■ [Potential Solution]: Show examples of a synthetic self-regulating gene
cluster.

■ [Potential Solution]: Exploit CRISPR as a potential universal regulation
mechanism to regulate synthetic minimal genomes.
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● 5 years: Ability to build metabolic modules capable of supporting long-lasting
energy regeneration.

○ [Bottleneck]: Typical cell-free reactions that serve as the basis for minimal cells
use an energy-rich environment of nucleotide triphosphates and high energy
phosphate bond donors for chemical energy; these systems are short-lived,
expensive, and can lead to inhibitory byproducts.

■ [Potential Solution]: Create generalized approaches for cost-effective,
long-lived energy regeneration modules that can integrate with synthetic
cells, which may require compartmentalized systems.

■ [Potential Solution]: Integrate efficient physical ATP regeneration systems
in synthetic cells, such as photosynthesis.

● 10 years: Ability to have ribosomes make ribosomes in a cell-free system.
○ [Bottleneck]: Constructing ribosomes built completely of in vitro synthesized parts

has remained elusive.
■ [Potential Solution]: Develop conditions that facilitate co-synthesis of all

ribosome proteins and ribosomal RNA, first in extracts, then in purified
systems.

● 10 years: Expand the chemistry of living systems to make chemical reactions not
possible with biological chemistry alone.

○ [Bottleneck]: The palette of biological chemistry is smaller than chemistry.
■ [Potential Solution]: Build hybrid biological-chemical systems.
■ [Potential Solution]: Expand the chemistry of genetically-encoded

systems.
● 20 years: Engineer compartmentalization and communication strategies for the

design of synthetics cells. (For related reading, please see Goal 2, Breakthrough
Capability 4: Spatial control over (or organization of) metabolic pathways in cells and
construction of unnatural organelles.)

○ [Bottleneck]: Lack a precise physical understanding of how the composition of
the compartment influences encapsulation, transport, and retention of various
types of cargo.

■ [Potential Solution]: Quantify the relationship between compartment
composition and encapsulation efficiency, permeability, and stability as a
function of compartment cargo.

○ [Bottleneck]: Communication strategies for synthetic cells are not yet well-
developed.

■ [Potential Solution]: Identify and implement mechanisms for
communication between engineered compartments that allows efficient,
reliable, multi-channel signaling between synthetic cells.

■ [Potential Solution]: Identify complementary signaling modules with
reliable performance in a cell-free environment.
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● 20 years: Replace test tubes with chemically-defined, standardized micro-vesicles
to compartmentalize processes.

○ [Bottleneck]: Inability to generate stable liposomes with the correct size and
membrane-permeability to generate micro-vesicles (synthetic cells) with different
chemical environments.

■ [Potential Solution]: Use microfluidics for precise production of
chemically-defined vesicles.

■ [Potential Solution]: Exploit non-natural compartments, such as block
copolymers, as a means to make mechanically robust compartments with
negligible non-specific permeability.

[Breakthrough Capability 3]: Long-lasting, robust, and low-cost cell-free system for protein 
synthesis and biomanufacturing. 

● 2 years: Identify reagent instabilities in cell-free systems across multiple
organisms and all biological kingdoms.

○ [Bottleneck]: Stability of reagents is not well understood in non-E. coli-based cell-
free systems.

■ [Potential Solution]: The full spectrum of metabolic activity during cell-free
reactions over time can be characterized in multiple systems, including
those emerging cell-free systems, to identify reagent instabilities.

● 5 years: Alleviate reagent instabilities and prolong the half-life of cell-free
reagents from a few hours to several days using inexpensive substrates.

○ [Bottleneck]: High-energy phosphate compounds are still commonly used to fuel
cell-free systems (e.g., PEP, 3PGA); these compounds are expensive, lead to
inhibitory phosphate concentrations, and only enable bursts of ATP regeneration
instead of long-lived energy regeneration.

■ [Potential Solution]: Central metabolism, non-phosphorylated energy
substrates, or light driven approaches (e.g., from bacteriorhodopsin),
among others, could be used to enable long-lived energy regeneration
without inhibitory byproducts; should be tested in extracts made from
organism across all kingdoms and identify key factors (such as,
concentrations, additional reagents, etc.) for robust alternative energy
activation.

○ [Bottleneck]: Cofactor regeneration and balancing strategies preclude long-term
activation of energy metabolism to fuel metabolic activity.

■ [Potential Solution]: Molecular purge valves implemented in crude
extracts could maintain redox balance.

■ [Potential Solution]: Develop schemes for balancing ATP, and derivatives
including NAD(P) and FAD.

■ [Potential Solution]: Create non-natural cofactors, and requisite
engineered enzymes, that have better stability properties.

○ [Bottleneck]: Reagent instabilities limit reaction time.
■ [Potential Solution]: Genomic modifications to extract source strains can

be carried out to stabilize substrates.
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● 5 years: Avoid inhibition (poisoning) of cell-free reactions by byproducts or the
desired products.

○ [Bottleneck]: Small molecule byproducts of metabolism, such as phosphate,
inhibit cell-free reactions.

■ [Potential Solution]: Engineer systems to avoid the accumulation of
chemical inhibitors.

■ [Potential Solution]: Develop product siphoning strategies and dialysis-like
strategies to remove inhibitors from the system.

■ [Potential Solution]: Engineer molecular complexes that are resistant to
byproducts and chemical products.

● 10 years: Stabilize catalysts to facilitate cell-free reactions on the order of weeks.
○ [Bottleneck]: Cell-free reactions terminate because substrates and cofactors are

depleted, byproducts accumulate to inhibit the reaction, or the catalysts become
inactivated; of these, enzyme stability represents a significant technical and
economic hurdle to technology development in this space.

■ [Potential Solution]: Characterize catalyst instabilities such as, tolerance
to byproducts and inhibitors.

■ [Potential Solution]: Increase stability of enzymes involved in cell-free
systems.

■ [Potential Solution]: Generate design criteria for choosing catalysts (i.e.,
identifying select organisms from which to derive lysates and enzymes)
for desired applications.

■ [Potential Solution]: Develop reactor designs and bioprocesses that
continuously replenish the source of catalysts.

● 20 years: Robust and scalable production of cell-free systems that last for weeks.
○ [Bottleneck]: Without enzymes or lysates that are stable on the order of weeks,

significant fractions of carbon will otherwise be used in generating the
biocatalysts required of these systems.

■ [Potential Solution]: Integrate knowledge of the system and innovations to
facilitate long-lived reactions.

[Breakthrough Capability 4]: Ability to use cell-free systems to inform cellular design of genetic 
parts and circuits. 

● 2 years: Ability to use next-generation sequencing read-outs to quantitatively map
performance of genetic designs in cell-free systems.

○ [Bottleneck]: Sequence-function data are limited by colorimetric and fluorescent
read-outs.

■ [Potential Solution]: Develop next-generation, deep-sequencing-based
approaches for monitoring transcription and translation in cell-free
reactions, including transcription factor metabolite interactions.
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● 5 years: Ability to identify new genetic parts in cell-free systems (including
promoters, ribosome binding sites, and terminators) for any bacterial host to
facilitate forward engineering in cells.

○ [Bottleneck]: There are limited numbers of sufficiently-large datasets available
that allow comparison of genetic part performance and the development of
modeling frameworks between the cell-free environment and in vivo.

■ [Potential Solution]: Develop cell-free systems for 20 industrially-relevant
organisms that could form a testbed to establish libraries of new genetic
parts and how to accelerate design.

■ [Potential Solution]: Develop a repository of genetic parts for cell-free
systems, including performances.

■ [Potential Solution]: Develop a quantitative modeling platform specific to
cell-free systems that takes into account the advantages and limitations of
cell-free expression.

● 10 years: Ability to identify new genetic circuits in cell-free systems for any
bacterial host to facilitate forward engineering in cells.

○ [Bottleneck]: Resource limitations in cell-free systems (e.g., energy and cofactor
regeneration) constrain the construction of multi-gene systems encoded by
complex genetics, as well as time-dynamics needed to assess their function.

■ [Potential Solution]: Create robust, long-lived cell-free systems that can
be routinely used for activating and characterizing multi-gene circuits.

○ [Bottleneck]: There are limited numbers of sufficiently-large datasets available
that allow comparison of genetic circuit performance and the development of
modeling frameworks between the cell-free environment and in vivo.

■ [Potential Solution]: Develop cell-free systems for 20 industrially-relevant
organisms which could form a testbed to establish libraries of new genetic
circuits.

● 20 years: Ability to identify new genetic circuits in cell-free systems for any
eukaryotic host to facilitate forward engineering in cells.

○ [Bottleneck]: Lack of knowledge of how to activate essential components in
eukaryotic cell-free systems.

■ [Potential Solution]: Make more lysates from eukaryotes and eukaryotic-
like systems to be able to assess essential components.

○ [Bottleneck]: Transcription and translation are typically combined in cell-free
systems requiring viral sequences (e.g., internal ribosome entry site) for
translation initiation rather than a 5’cap and polyA tail.

■ [Potential Solution]: Develop strategies to compartmentalize transcription
to better mimic the natural process.

● 20 years: Accelerate the development of any non-model host into useful chassis
organisms for engineering biology with cell-free systems.

○ [Bottleneck]: Sufficient transcription and translation activity is necessary to
assess genetic designs and metabolic pathways.
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■ [Potential Solution]: Streamline and provide generalized approaches to
enable sufficient cell-free activity for gene expression and biosynthesis
from diverse species.

■ [Potential Solution]: Use mass spectrometry to determine the proteome
composition and metabolite composition of non-model organisms to
accelerate the optimization of cell-free systems.

○ [Bottleneck]: Expand cell-free systems to poorly explored ares, such as
extremophiles, for engineering biology far from standard conditions.

■ [Potential Solution]: Select a set of extremophiles that can be grown in
laboratories and easily lysed.

[Breakthrough Capability 5]: Decentralized, portable, on-demand sensing and manufacturing 
using cell-free systems. 

● 2 years: Ability to use safe lysates low in endotoxin for sensing and
manufacturing objectives.

○ [Bottleneck]: Toxicity of cell-free components is not well understood.
■ [Potential Solution]: Evaluate toxicity of cell-free components.

○ [Bottleneck]: Lipopolysaccharides, also known as lipoglycans and endotoxins,
are large molecules consisting of a lipid and a polysaccharide composed of O-
antigen which can cause toxicity of products manufactured using bacteria.

■ [Potential Solution]: Cost-effective strategies to remove endotoxin is
required to ensure safety.

■ [Potential Solution]: Create bacterial species that are detoxified by design.
● 5 years: Demonstrate portability (such as two-year storage of freeze-dried

reactions without loss of functionality) of cell-free systems.
○ [Bottleneck]: A major limitation of traditional sensors and centralized medicine

manufacturing is that the products must be refrigerated; cell-free systems can be
freeze-dried for potential room-temperature storage and distribution, but suffer
from activity loss in certain conditions.

■ [Potential Solution]: Create stable, freeze-dried systems for storage
without a cold-chain by using cryoprotectants and process modifications.

■ [Potential Solution]: Demonstrate multiple reaction formats (i.e., pellets,
gels, paper, etc.) stable for 2-5 years.

● 5 years: Increase productivity and rate of cell-free reactions.
○ [Bottleneck]: Manufacturing medicines in rapid response to emerging and re-

emerging threats requires fast protein synthesis rates and reactions that can be
completed in minutes to hours.

■ [Potential Solution]: For translation outputs, increase the overall catalyst
concentration in the reaction to enhance reaction rates.

■ [Potential Solution]: When possible, develop transcriptional outputs (such
as for sensors) which offer a significant speed improvement (minutes
versus hours).
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● 10 years: Point-of-care cell-free protein production system ready for validation by
the Food and Drug Administration (FDA).

○ [Bottleneck]: Completely automated operation platform to manufacture and purify
proteins suitable for the FDA has not yet been fully validated.

■ [Potential Solution]: Build integrated units and measure the repeatability
(of the same unit) and reproducibility (between units) of the system.

● 20 years: Point-of-care cell-free protein therapeutic and vaccine production
system ready for validation by the Food and Drug Administration (FDA).

○ [Bottleneck]: Point-of-care synthesis and administration of glycoprotein
therapeutics and vaccines requires robust production and purification methods.

■ [Potential Solution]: Develop simple, portable purification systems which
can reliably produce FDA-compliant vaccines and therapeutics from cell-
free production systems and demonstrate efficiency in animal models.

[Breakthrough Capability 6]: Ability to manufacture any targeted glycosylated protein or 
metabolite using cell-free biosynthesis. 

● 2 years: Ability to build modular, versatile cell-free platforms for glycosylation
pathway assembly.

○ [Bottleneck]: Many of the most important components of glycosylation pathways
are associated with cellular membranes and cannot be recapitulated easily in
cell-free systems.

■ [Potential Solution]: Develop and optimize efficient strategies use of
oligosaccharyltransferases (including eukaryotic versions) to transfer pre-
built sugars from lipid-linked oligosaccharides in vitro.

■ [Potential Solution]: Develop methods to select and assemble a set of
soluble enzymatic tools capable of producing therapeutically-relevant
glycoproteins with desired properties in vitro from simple, commercially
available activated-sugar building blocks.

● 5 years: Expanded set of glycosylation enzyme-variants that efficiently install
eukaryotic glycans.

○ [Bottleneck]: Synthesis of complex human glycans in cell-free systems is
constrained by the available set of well characterized enzymes; existing
characterizations do not provide sufficient tools to go from a set of sugar
monomers and a design to a glycoprotein of interest.

■ [Potential Solution]: Expand the glycoengineering toolkit by characterizing
glycoslytransferases to assemble sets of well-characterized enzymes that
can reliably produce desired glycoproteins.

■ [Potential Solution]: Engineer existing glycosylation enzymes for desired
activities when naturally occurring enzymes with desired functionalities
are not available (e.g., engineering of the bacterial
oligosaccharyltransferase to accept the eukaryotic core glycan would
enable the efficient production of the eukaryotic core glycan in bacterial
systems).
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● 5 years: Production of bacterial glycoconjugate vaccines in cell-free systems.
○ [Bottleneck]: The production of glycoconjugate vaccines against bacteria require

the culturing of pathogenic strains recalcitrant to bioengineering and the use of
non-specific conjugation chemistry.

■ [Potential Solution]: Express diverse bacterial O-antigen pathways for
characterization and production of lipid-linked oligosaccharides required
for vaccines and use bacterial oligosaccharyltransferases to site-
specifically attach these oligosaccharides in vitro.

■ [Potential Solution]: Use the greater control afforded by cell-free protein
synthesis systems to produce FDA-approved vaccine carrier and antigen
proteins, many of which cannot be produced outside of pathogenic
organisms.

● 10 years: Expanded set of enzymes capable of glycosylating metabolites in vitro.
○ [Bottleneck]: Glycosylation of therapeutically-relevant metabolites (including

many antibiotics) is often required for desirable pharmacokinetic/dynamic
properties, but many of the enzymes which perform these glycosylation activities
are unknown or can only be expressed in their native host strain.

■ [Potential Solution]: Use cell-free protein synthesis to screen the activity
of metabolite-targeting glycosyltransferases on existing bioactive
compound libraries to understand their specificities and improve the
therapeutic utility of small molecule products.

○ [Bottleneck]: Substrate limitations lead to inherent inefficiencies.
■ [Potential Solution]: Develop metabolic models of lysate hosts to identify

genetic knockouts that enhance glycan production and carry out such
modifications.

● 10 years: Cell-free pipelines to produce and assess the functionality of diverse,
human glycosylated protein therapeutics.

○ [Bottleneck]: Development timelines of glycoprotein therapeutics are slowed by
the need to produce these products in mammalian cell lines.

■ [Potential Solution]: Develop, optimize, and implement strategies to
create more than ten unique and homogeneous glycan structures on
proteins by cell-free methods (e.g., trimannose core eukaryotic glycan,
afucosylated galactose-terminated core glycan, fucosylated sialic-acid
terminated core glycan, biantennary glycan, etc.); once synthesized,
these products can studied and optimized using therapeutic functionality
assays.

● 20 years: Ability to produce any glycosylated protein therapeutics and vaccines at
the point-of-care in less than one week.

○ [Bottleneck]: Intentional engineering of glycan structures and the synthesis of
novel structures is constrained by identifying sets of enzymes for the
manufacture of the sugar structures.

■ [Potential Solution]: Develop cell-free systems capable of rapidly and
robustly producing any defined glycoprotein on-demand.
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Goal 2: On-demand production of single-cell hosts capable of natural and non-natural 
biochemistry. 

[Current State-of-the-Art]: Current tools and technologies for on-demand production of 
organisms are limited by the number and scope of transformation capabilities, continuous and 
rapid production capability, and the lack of secure public repositories for academics and industry 
containing the necessary organismal design and characterization information. Today, we have a 
number of host microbes for which we have a satisfactory, though not extensive, understanding 
of their metabolism and sufficient genetic tools that we can use for reliable engineering. 
Engineering of plant and animal cells is expanding, especially given particular applications (e.g., 
CAR-T cell engineering), but still faces significant bottlenecks. 

[Breakthrough Capability 1]: Ability to grow any host, anytime, in a controlled and regulated 
setting. 

● 2 years: Establish protocols for the development of media that support cellular
viability for non-model organisms.

○ [Bottleneck]: Inability to grow most organisms on earth in non-natural
environments (i.e., inside the lab) and a lack of knowledge of conditions for
growing novel or non-model organisms.

■ [Potential Solution]: Database collection and mapping: a better
understanding of how to find what is important for organismal growth and
survival, potentially including the ability to apply artificial intelligence to
recognize patterns.

■ [Potential Solution]: Develop a general protocol for identifying viable
media and create databases of media that work with known organisms;
leverage machine learning using various databases (e.g., 16S rRNA
profiling to identify evolutionary relationships between known and
unknown species) to help generate suggestions for potential media.

● 2 years: Robust screening of useful hosts beyond model organisms.
○ [Bottleneck]: There are a few hosts that are the primary chassis for engineering

applications, but they are not always the best choice for biosynthesis of all
potential products.

■ [Potential Solution]: Expand beyond well-studied model organisms to
those that are closely related including the development of tools for
genetic manipulation and transformation, as necessary.

○ [Bottleneck]: Inability to identify specific organisms that could be beneficial for the
production of specific products, metabolites, intermediates, and specific catalytic
reactions.

■ [Potential Solution]: Development of rapid assays to map desired activity
to potential capability.

■ [Potential Solution]: Inexpensive metabolomics analysis that lends itself to
profiling of all metabolites in a cell. Current solutions that are ongoing
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include developing of specific sensors (i.e., RNAs) to detect specific 
metabolites (though this is low-throughput).  

● 5 years: Develop robust, high-throughput screens for rapidly assaying useful
properties in libraries of organisms.

○ [Bottleneck]: Availability of high-throughput screens for functions/products that
cannot be screened by color or that cannot be selected using growth/viability
assays.

■ [Potential Solution]: Incorporate protein or RNA sensors into cells for a
particular small molecule that the cell may be engineered to produce or
consume.

● 5 years: Use output of high-throughput screens/sensors and computer control to
amplify a signal or expand a cell line that produces a product of interest.

○ [Bottleneck]: There are few (or no) systems for simultaneously measuring the
output of a sensor and then using a computer to expand production of the
desired product.

■ [Potential Solution]: Develop biosensors to detect one or more particular
desired outputs and gene expression systems that allow for computer
control (e.g., light, inducer-repressor).

[Breakthrough Capability 2]: Routine domestication of non-model organisms through DNA 
delivery and genetic modification. (For related reading, please see Gene editing, Synthesis, and 
Assembly.) 

● 2 years: Catalog and assay current methodologies and tools for carrying out DNA
delivery in microbial/mammalian systems (e.g., viral vectors, conjugations,
biochemical methods) and plant systems (e.g., Agrobacterium-, biolistic-,
nanomaterial-based methods).

○ [Bottleneck]: These methods have not been systematically compared among
organisms resulting in a lack of clarity as to when one approach may be superior,
or even viable, compared to another.

■ [Potential Solution]: Better aggregation of the information available for
these different organisms, especially if a standard set of similar broad
host vectors can be used (as a control) to standardize these.

■ [Potential Solution]: Develop bacteriophages that can be useful for
engineering large number of organisms.

■ [Potential solution]: Understand the biological basis for what enables
some species (e.g., plants) to be more amenable to transformation and
genetic modification.

● 2 years: Develop high-throughput methods that can be done in parallel for DNA
delivery (using standard methods) into non-model hosts.

○ [Bottleneck]: Currently a limitation in the cloning process.
■ [Potential Solution]: Methods exist, but they could be improved and more

widespread.
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● 2 years: Establish a suite of gene-editing tools for the rapid insertion and/or
deletion of genetic elements in diverse primary mammalian cells.

○ [Bottleneck]: Genome-editing tools, particularly CRISPR/Cas technology, have
enabled efficient genetic modification of a variety of immortalized cell lines, but
primary mammalian cells are often more difficult to engineer with high efficiency
and at scale.

■ [Potential Solution]: Develop non-toxic gene-delivery methods (viral or
non-viral) utilizing reagents and equipment that are compatible with
clinical manufacturing and/or high-volume cell modification.

● 2 years: Characterize basic DNA parts for expression strength in non-model
organisms, specifically a larger library of plants.

○ [Bottleneck]: Basic characterized promoters with characterized expression
strengths has not yet been carried out in a systematic manner. Previous efforts
have been piecemeal and the transferability of parts (e.g., promoters) between
different plant species has not been well explored.

■ [Potential Solution]: A large-scale, community driven project to
standardize and characterize parts will dramatically advance the state of
plant engineering.

● 5 years: Development of well-characterized and robust insertion sites in plant
genomes.

○ [Bottleneck]: The majority of plant engineering efforts rely on random insertion of
transgenes into the genome, resulting in the necessity to screen and characterize
transformants -- a very laborious process when working with plants.

■ [Potential Solution]: Develop CRISPR-based genome-editing tools that
reliably get targeted insertions with high efficiency.

● 5 years: Develop high-throughput, genome-wide editing tools for non-model
organisms.

○ [Bottleneck]: Gene editing tools are not always specific or work at all in certain
organisms.

■ [Potential Solution]: Screen/develop new CRISPR-based genome editing
proteins.

● 5 years: Establish robust temporal and/or spatial control of gene expression in
mammalian cells.

○ [Bottleneck]: Relatively few transcriptional, post-transcriptional, or translational
regulatory devices exist for robust gene-expression control in mammalian cells;
the vast majority of systems make use of inducible promoters that are often leaky
or require precise tuning, which cannot be done in many practical applications
such as patient-derived cells.

■ [Potential Solution]: Develop and catalogue a suite of core promoters and
response elements, RNA-based regulatory devices, protein-degradation
tags, among others, and record standardized, quantitative information on
their performance (e.g., basal expression level with enzymatic vs.
fluorescent reporters, fold induction, degradation rate, etc.).
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● 5 years: Develop broad-host-range vectors for a variety of model and non-model
organisms.

○ [Bottleneck]: Lack of broad-host-range vectors that function for many different
organisms requires the development of vectors specific for each organism.

■ [Potential Solution]: Engineer new host vectors targeting broader range of
organisms; information from NCBI (e.g., plasmids sequences) could
potentially be used to get guidance as to functional capabilities/parts that
can be effective in different vector design for different organisms.

● 10 years: Develop high-throughput, targeted editing and rapid genome-evolution
tools that couple genetic changes to phenotypic changes.

○ [Bottleneck]: It is difficult to evolve non-model (and frankly, model) organisms to a
desired phenotype.

■ [Potential Solution]: Develop general biosensors for particular desired
phenotypes for use in non-model organisms.

■ [Potential Solution]: Develop mutator proteins coupled to sensors to
evolve non-model organisms until they achieve some desired phenotype.

● 10 years: Develop universal approaches to transforming any plant.
○ [Bottleneck]: Current plant transformation techniques work on a limited subset of

plants.
■ [Potential Solution]: Better understand the biological basis for barriers in

transformation in plants.
■ [Potential Solution]: Develop novel approaches that are species or host

agnostic in incorporating and delivering DNA.
■ [Potential Solution]: Develop methods that are tissue-culture-independent.

● 20 years: Routine genetic manipulation of any non-model host in less than one
week from first isolation.

○ [Bottleneck]: It can take years to make a non-model into a host for heterologous
gene expression.

■ [Potential Solution]: Use the tools developed to achieve previous
milestones to address this bottleneck.

[Breakthrough Capability 3]: Ability to build and control small molecule biosynthesis inside cells 
by design or through evolution.  

● 2 years: Identify model organisms for performing specific types of chemistries or
organisms that have native precursor biosynthesis pathways for specific classes
of molecules.

○ [Bottleneck]: Academics and companies have constructed heterologous hosts for
a limited number of chemical classes, but there are many other chemical classes
that need hosts with precursor pathways constructed; additionally, some of these
precursor production hosts may not be ideal for particular applications or
environments.

■ [Potential Solution]: Use bioinformatics and screening to identify
organisms that might be particularly useful for producing a chemical
under a particular environmental condition or that already has precursor
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pathways for a particular class of chemicals; build a database of those 
organisms. 

■ [Potential Solution]: Development of robust plant hosts in order to bridge
the gap before trying to engineer plant metabolic pathways into microbes.

● 2 years: Precise temporal control of gene expression for well-studied systems.
○ [Bottleneck]: Many desired chemicals are toxic to growth of the producing host.

Avoidance of this results in separation of growth and production phases which
has been achieved by changing the media conditions (Clark & Blanch, 1997);
however, such approaches are costly, may require the introduction of extra
chemicals that are difficult to remove from the desired products, and cannot
easily accommodate cellular heterogeneity, or be used to fine tune the shift from
growth to production phases.

■ [Potential Solution]: Develop several types of expression systems for
controlling the timing of gene expression and thus the timing of chemical
production; ultimately, decouple growth and reproduction from energy and
carbon metabolism and product generation (Venayak, von Kamp, Klamt,
& Mahadevan, 2018).

○ [Bottleneck]: The necessary genetic regulatory elements should be sufficiently
orthogonal to the host to permit tuning, but nonetheless responsive to changes in
cell state.

■ [Potential Solution]: Identifying, and then re-engineering, diverse sets of
protein and RNA regulators capable of activating or repressing gene
expression in response to targeted changes in growth and nutrient state
would expand these capabilities (Hsiao, Cheng, & Murray, 2016;
Weinhandl, Winkler, Glieder, & Camattari, 2014); integrating the
responses of these regulatory elements, perhaps through the use of
engineered information processing networks, would permit the
construction of circuitry for fine-tuning the timing of gene expression in
microbial hosts.

● 5 years: Construct a limited number of model host organisms for synthesizing all-
natural products.

○ [Bottleneck]: There is a need for hosts capable of producing all natural products
found in nature; there is no need for a single host to produce all of the natural
products, but rather at least one host for every class of natural products.

■ [Potential Solution]: Use the database of possible hosts, genetic control
systems and modular pathways to develop a range of hosts for each
class of natural products; these hosts should produce high levels of the
precursors to natural products.

● 5 years: Construction of single-cell organisms for production of unnatural
derivatives of natural products.

○ [Bottleneck]: There are few engineered cells that produce unnatural derivatives of
natural products and the methods for engineering organisms to produce
unnatural natural products are nascent.
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■ [Potential Solution]: Construct hosts with the modular natural precursor
pathways and engineered or evolved enzymes to create hosts that can
produce unnatural natural products.

■ [Potential Solution]: Construct hosts with promiscuous enzymes (either
natural, engineered, or evolved enzymers) and feed unnatural precursors
that are incorporated into the final product.

● 5 years: Temporal control over multiplexed regulation of many genes in parallel.
○ [Bottleneck]: It remains difficult to target gene expression to a particular growth

phase or culture time in order to maximize production of a desired natural or
unnatural product.

■ [Potential Solution]: Develop a catalog of promoters (including timing and
gene expression strength) that are activated in various phases of
cultivation.

■ [Potential Solution]: Identify promoters that are activated at the same time
or with the same environmental queue and that can be used with multiple
genes (i.e., multi-step biosynthetic pathway).

● 10 years: Software and hardware for optimizing titer, rate, and yield of any product
produced by any host.

○ [Bottleneck]: It is challenging and time-consuming to optimize the titer, rate and
yield of a desired product in any host.

■ [Potential Solution]: Develop a software suite that considers the metabolic
pathway(s) and host and incorporate a wide variety of measurements and
can predict that changes that need to be made to the metabolic pathway
add the host to optimize titer, rate, and yield.

● 20 years: On-demand construction of single cell organisms for production of
nearly any molecule of interest, including organic chemicals and polymers.

○ [Bottleneck]: Reliance on nature’s single-cell organisms that are not ideally suited
for producing a particular chemical.

■ [Potential Solution]: Use retrobiosynthesis software as well as genetic
control system design software to de novo design microbial cells that can
produce nearly any organic chemical; the cells would be designed for the
processing environment to enable inexpensive purification of the final
product.

[Breakthrough Capability 4]: Spatial control over, or organization of, metabolic pathways in cells 
and construction of unnatural organelles. 

● 2 years: Tools to target heterologous proteins to various subcellular
compartments.

○ [Bottleneck]: There is a need for modular targeting tags that can be appended to
any peptide sequence as N- or C-terminal fusions with efficient targeting to a
desired compartment. The challenges are finding sequences that provide
modularity; in other words, the ability to perform targeting on any protein
sequence of interest, and compartmentalize a high percentage of total expressed
protein, preferably at high expression levels.
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■ [Potential Solution]: Most organelles have identified targeting sequences,
but few satisfy the dual requirements of high efficiency and modularity;
high-throughput screens for peptide sequences can be conducted using
enzyme sequestration assays (DeLoache, Russ, & Dueber, 2016).

■ [Potential solution]: Bacterial organelles, known as microcompartments,
have several known targeting tags for cargo enzymes and encapsulation
is tunable with expression levels (Jakobson et al., 2016); however,
distinct tags may use the same mechanism for loading, making it difficult
to reliably control targeting of multiple enzymes into the same
compartment. Additional biophysical characterization of existing and
putative tags can be carried out using existing technologies to identify
those with unique loading mechanisms or interaction partners.

● 5 years: Inducible synthesis of organelles. Synthetic organelles (or compartments)
that can be made on-demand and/or provide the means to compartmentalize different
heterologous protein cargos would allow the engineer to mimic tissue
compartmentalization in a single-cell microbe.

○ [Bottleneck]: Achieving sufficient understanding of the formation of organelles
and microcompartments.

■ [Potential Solution]: Placing necessary organelle biogenesis factors under
the expression control of a heterologous, inducible promoter should
provide on-demand organelle production.

■ [Potential Solution]: Inducible control of bacterial microcompartment-
forming proteins leads to some well-formed particles, but other factors
must be identified to make sufficient quantities and do so robustly. These
factors may be environmental factors or additional chaperone proteins,
and can be identified by using a high-throughput screen, such as a flow
cytometry-based assay that links cellular fluorescence to successful
compartment formation (Kim & Tullman-Ercek, 2014).

● 5 years: Gain-control for selective permeability in and out of the organelle.
○ [Bottleneck]: Many organelles and microcompartments will naturally have

permeability to molecules that are desired to be partitioned either outside or
inside the organelle (e.g., pathway intermediates); these organelles and the
microcompartments will need to be modified to have lower permeability to these
molecules.

■ [Potential Solution]: Selective transport of desired metabolites (e.g.,
pathway substrate, cofactors) must be engineered into the
organelle/microcompartment by manipulating the proteins that govern the
movement of small molecules across the membrane/shell.

● 10 years: Methods and tools to reprogram transport of metabolites and
compartmentalization of biochemical reactions.

○ [Bottleneck]: Prokaryotes and eukaryotes contain multiple compartments that can
be utilized for sequestering sensitive chemistries or metabolites; unfortunately, it
is not always clear which compartments to use.
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■ [Potential Solution]: Catalogue organelles/microcompartments with
favorable properties for desired applications/products (a suite of
organelles will likely be of value to meet the needs of varied applications).

○ [Bottleneck]: Tools for engineering organelles and microcompartments are not
readily available.

■ [Potential Solution]: Develop gene expression tools for a variety of
different organelles in eukaryotes or for microcompartments in
prokaryotes.

■ [Potential Solution]: Engineer multiple pathways to function in concert
within the same organelle/microcompartment for optimal performance
(e.g., cofactor balancing, co-substrate production, condensation
reactions).

○ [Bottleneck]: Identifying parameters to optimize and means of optimization of
microcompartment morphology.

■ [Potential Solution]: Genetically control the morphology of
organelle/microcompartment (e.g., size, number) to achieve increased
capacity for product cargo. Low capacity for enzymes is a limitation for
many organelles; a solution would be the genetic manipulation of, for
example, the shell protein expression levels or an organelle biogenesis
pathway, to increase this capacity.

● 10 years: Alter chemical conditions within the organelle/microcompartment.
○ [Bottleneck]: Altering the chemical environment of a compartment’s lumen would

require successful completion of efficient import of heterologous protein,
reduction of small molecule permeability, and, for organelles, the functional
trafficking of membrane proteins to the organelle’s membrane.

■ [Potential Solution]: Combination of heterologous small molecule
transport, enzyme, and compartmentalization of both enzymes and small
molecule substrate, intermediates, and products will allow alteration of the
chemical environment of the lumen.

● 10 years: Multiple orthogonal organelles/microcompartments in the same cell for
compartmentalizing different parts of a pathway.

○ [Bottleneck]: Achieving compartmentalization of different cargo in distinct
organelles or microcompartments within the same cell demands the ability to
generate such compartments with distinct “addresses” or protein import
machinery recognizing targeting sequences orthogonal to the other native and
synthetic organelles in the cell.

■ [Potential Solution]: Multiple natural organelles using different protein
importomers can be utilized; however, the lumenal conditions are likely
not optimal for the needs of each compartmentalized activities.
Alternatively, engineered organelles with the ability to import orthogonal,
distinct pools of protein in separate organelles should be achievable by
either performing directed evolution on the native protein importomers or
targeting heterologous importomers native to other organelles.

Engineering Biology: A Research Roadmap for the Next-Generation Bioeconomy

Technical Themes - Host and Consortia Engineering

85



June 2019 

   

■ [Potential Solution]: Bacteria employ multiple distinct microcompartments
within the same cell, and these are encoded by distinct operons which
includes genes to make the protein shell boundary; it is feasible, but yet
to be demonstrated, that these distinct microcompartments could be
engineered simultaneously using existing techniques.

[Breakthrough Capability 5]: Production and secretion of any protein with the desired 
glycosylation or other post-translational modifications. (National Research Council (US) 
Committee on Assessing the Importance and Impact of Glycomics and Glycosciences, 2012) 

● 2 years: One or more microbial hosts capable of producing laboratory-scale
quantities of a single glycoform of a desired protein.

○ [Bottleneck]: Compared to protein synthesis, post-translational modification and
machinery is not well understood and any given protein may exist in the cell in
multiple glycoforms, making advanced study challenging; this problem is
particularly prevalent in the production of biologic pharmaceuticals (e.g.,
biosimilars) where the complex array of glycosylation patterns can cause
differences in efficacy and safety (Sethuraman & Stadheim, 2006).

■ [Potential Solution]: Understand the pathways involved in glycosylation of
the protein of interest and develop these pathways to enable tightly
controlled synthesis of a single glycoform.

● 5 years: A few microbial hosts capable of secreting functional versions of proteins
with no post-translational modifications.

○ [Bottleneck]: There are relatively few bacterial hosts that have well developed
protein secretion systems. Those that exist are primarily in Gram positive hosts,
and are not necessarily compatible with all desired protein products; gram
negative hosts, on the other hand, have an outer membrane that must also be
crossed before exiting the cell, and secreting proteins across both the inner and
outer membranes remains a challenge at the efficiencies required for commercial
application.

■ [Potential Solution]: Develop new bacterial hosts with machinery
specifically designed for protein secretion.

○ [Bottleneck]: The systems that do exist are either required for cellular function
and thus can only be repurposed to a limited extent, or are highly regulated and
difficult to activate or keep activated.

■ [Potential Solution]: Utilize systems biology to understand and remove the
regulatory controls on secretion systems.

● 20 years: Ubiquitous control of post-translational modification (including
glycosylation of multiple sites with multiple sugars) in a diverse array of hosts.

○ [Bottleneck]: Post-translational modifications are often considered the “analog”
control in the cell; as such, they can carefully tune how an individual protein
interacts with its environment. The lack of understanding of this control makes
affecting post-translational modification for desired use particularly challenging.
The ability to tune the analog portion of the cell, however, can allow for more
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efficient systems, better synthetic yields, and a broader set of uses than would 
otherwise be possible. 

Goal 3: On-demand fabrication and modification of multicellular organisms. 
[Current State-of-the-Art]: Currently for multicellular systems and organisms, our 

technology is closely aligned with natural reproduction: we edit gametes or embryos, and rely on 
natural processes to differentiate genetically-identical cells into tissues. Gene editing 
methodology allows substantial improvements and inclusion of novel biochemical and molecular 
changes. Today our engineering abilities in plants are limited to stable integration of small 
genetic circuits (fewer than 200 kb). Examples of engineered modification of animals include 
genome editing of chicken embryos to produce virus resistance (Looi et al., 2018; Sid & 
Schusser, 2018), and the inactivation of porcine endogenous retroviruses in pigs for human 
organs transplants (Niu et al., 2017; Ross & Coates, 2018), but significant work is necessary 
before we are able to selectively edit and modify multicellular eukaryotes with confidence and 
consistency. 

Generally, we need a better understanding of cell-to-cell interactions and to establish 
stable modifications within multicellular systems. Current state-of-the-art in multicellular 
engineering includes tools and technologies for some plants (Farré et al., 2014) and fungi (such 
as Aspergillus (Lubertozzi & Keasling, 2009)), but most advances toward this goal have 
occurred in the engineering of a single cell type within a multicellular organism (for example, the 
introduction of the Polled trait into dairy cattle breeds (Van Enennaam, 2018)) and germline 
engineering. An emerging technology in multicellular system engineering is cell-scaffolding 
(loading specialized cells onto engineered matrices) and enabled control over the three-
dimensional shape and structure of a system. Advancements in engineering for tissue- and 
organ-on-a-chip technologies are also helping to bring about advancements in this area.  

For related reading, please see Biomolecule, Pathway, and Circuit Engineering, Goal 3: 
Holistic, integrated design of multi-part genetic systems (i.e., circuits and pathways). 

[Breakthrough Capability 1]: Ability to control differentiation and de-differentiation of cells within 
a population. 

● 2 years: On-demand, reproducible functionalization of simple micro-tissues or
micro-consortia made up of two or more engineered cell types.

○ [Bottleneck]: Variations in cell culture quality between trials and institutions.
■ [Potential Solution]: Investigate incubation conditions to identify and

mitigate environmental sources of variability in cell behavior and growth.
■ [Potential Solution]: Identify informative biomarkers.

● 5 years: Programmable and regulatable pathways that can be induced to
differentiate or de-differentiate somatic cells.

○ [Bottleneck]: Gaps in understanding which genes and networks can be altered to
control cell behavior.

■ [Potential Solution]: Experimental tools to co-regulate any desired set of
multiple gene targets, such as via engineered transcription factors.
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[Breakthrough Capability 2]: Ability to characterize and control the three-dimensional (3D) 
architecture of multicellular systems. 

● 2 years: Characterize existing tissue components and standardize measurements
to evaluate function.

○ [Bottleneck]: Inconsistent reporting of matrix and cell performance resulting from
differences in composition and tissue geometry.

■ [Potential Solution]: Generate a library of known cell types, matrices, and
exogenous signalling molecules and characterize all combinations under
identical conditions and geometries; measurements should include
characteristics such as stress-strain response, degradation rates in
serum, and immunogenicity.

○ [Bottleneck]: Discovery of novel exogenous signalling molecules to regulate cell
and tissue behavior.

■ [Potential Solution]: Evaluate specific factors (via high-throughput
chemical screening) that can be supplemented to existing 3D
matrices/scaffolds to induce drastic changes in cellular behavior (such as
morphology, differentiation, tissue composition, matrix alignment).

● 5 years: Identification of novel 3D scaffold designs that can lead to desirable
cellular properties.

○ [Bottleneck]: Limited capacity for nutrient delivery (~100µm by diffusion alone).
■ [Potential Solution]: Develop synthetic microvascular networks, either by

self-assembly of endothelial cells and pericytes or 3D patterning of
tissues; these networks must be able to support cell growth within the
scaffold and be robust to changes in tissue composition (including the
introduction of additional cell types, mechanical forces, or chemical
factors).

○ [Bottleneck]: Heterogeneous cell seeding within a large scaffold.
■ [Potential Solution]: Enable and advance formation and production of

extracellular matrix and methods to improve seeding (for example, forced
flow of cells into tissue).

● 10 years: Create modular, synthetic communication circuits that can be
implemented in tissues to allow for control of new or existing cellular
communication systems.

○ [Bottleneck]: Cell heterogeneity within tissue and ability to target only the cell
type(s) of interest.

■ [Potential Solution]: Link integration or expression of a circuit to
expression of a synthetic molecule in the target cell type.

○ [Bottleneck]: Robustness against perturbations, including the various signalling
molecules expressed in tissue.

■ [Potential Solution]: Build in redundant control to genetic circuits, and
leverage advances in biomolecular design to use components with large
induction ratios and minimal cross-talk with other circuit components.
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● 20 years: Bottom-up design and construction of whole organs at the centimeter-
length scale.

○ [Bottleneck]: Nutrient delivery in organs.
■ [Potential Solution]: Assemble synthetic arterioles and venuoles to

interface with capillaries, then couple these synthetic vascular networks
with cell culture media perfusion strategies.

○ [Bottleneck]: Large-scale assembly of substructures into complete tissues.
■ [Potential Solution]:

○ [Bottleneck]: Understanding the principles of organ design; most efforts to date
focus on recapitulation of existing organs or a reduced set of functions performed
by a given organ.

■ [Potential Solution]: Prototyping synthetic organs to substitute for,
complement, or enhance native organ function in a manner beyond
recapitulation of evolved biology.

[Breakthrough Capability 3]: Ability to achieve stable non-heritable changes in somatic cells. 
● 2 years: Routine delivery of biomolecule “effectors” (i.e., DNA, RNA, proteins) into

slowly-dividing or non-dividing cells.
○ [Bottleneck]: Lack of technologies for homogenous delivery of macromolecules

into tissues.
■ [Potential Solution]: Further development of cell-penetrating nanoparticles

and exosomes.
● 5 years: Generation of effective artificial epigenetic chromosomal states and

maturation of the emerging field of chromatin engineering.
○ [Bottleneck]: Incomplete functional characterization of natural chromatin.

■ [Potential Solution]: Engineered platforms to rapidly interrogate hundreds
of structural, enzymatic, and synthetic chromatin proteins.

○ [Bottleneck]: Uncertain causal relationship between genome/epigenome and cell
behavior.

■ [Potential Solution]: Coordination of statistical genome/ epigenome
association studies (GWAS/ EWAS) with experimental reconstruction of
states to test and validate associations.

● 10 years: Ability to generate cell states that are stable and effective after the
inducer/effector is removed in certain model tissues.

○ [Bottleneck]: Gaps in understanding cell “homeostasis” and how biochemical
processes inside cells are interconnected and reinforce each other.

■ [Potential Solution]: Development of experimentally-supported predictive
(systems biology) models to predict the long-term impact of an artificial
perturbation.

○ [Bottleneck]: Gene-editing dependency; too much focus on transcriptional
regulation in the nucleus.

■ [Potential Solution]: New tools to control self-perpetuating “post-
translational” states (such as RNA and protein modification).
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■ [Potential Solution]: Advances in organelle engineering (especially for
mitochondria).

● 20 years: Nimble adaptation of somatic cell engineering technologies to any
natural tissue at any developmental stage.

○ [Bottleneck]: Gaps in understanding cell-type and tissue-type-specific barriers
that enable cells to resist conversions.

■ [Potential Solution]: Further advancement of systems biology methods to
quickly identify appropriate target genes, proteins, and molecular
networks.

[Breakthrough Capability 4]: Ability to make predictable and precise, targeted, heritable changes 
through germline editing. 

● 2 years: Complete sequence of select host genomes to allow design of targets for
gene editing.

○ [Bottleneck]: Genetic variation.
■ [Potential Solution]: Sequencing of specific transformation target lines.

● 2 years: Define and validate tissue-specific DNA parts in plants.
○ [Bottleneck]: There has been a dearth of plant DNA parts (e.g., promoters) that

have been systematically characterized. Although many genes have been
described from transcriptome datasets as tissue-specific, the validation and
characterization of their tissue specificity will be required for future plant synthetic
biology efforts.

■ [Potential Solution]: Systematic characterization of various tissue-specific
promoters in various plant species.

● 5 years: Efficient germline transformation systems developed in targeted hosts.
○ [Bottleneck]: Transformation systems are limited and optimization is slow;

efficiency is such that the molecular analysis burden is high.
■ [Potential Solution]: Increase transformation efficiency through new vector

design components that will stimulate cell division during the time the
DNA is introduced into the cell OR enable improvement in high-
throughput molecular analysis platforms to screen for those with the
correct edits.

● 5 years: Ability to deliver transgene constructs to most (>90%) somatic cells in a
higher eukaryote organism to rapidly prototype transgenic phenotypes.

○ [Bottleneck]: Higher eukaryotes have relatively long timescales of organism
development, making phenotype development too slow for effective research.

■ [Potential Solution]: Improve somatic cell nuclear transfer to embryos to
speed multi-locus genome engineering for non-model organisms with
long generation times.

○ [Bottleneck]: Existing gene delivery technologies reach only a subset of cells in
an intact organism.

■ [Potential Solution]: Enhance gene delivery technologies to approach
organism-scale delivery.
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● 5 years: Temporally controlled transgene expression that works on the scale of
generations. For example, kill switches that are activated only after a defined number of
generations.

○ [Bottleneck]: Robust molecular time-keeping methods.
■ [Potential Solution]: Design and implementation of robust synthetic cell

cycle oscillators and other molecular timers.
○ [Bottleneck]: Gene expression platforms that confer stable expression across

multiple cell divisions (such as in primary cells).
■ [Potential Solution]: Development of stable, controllable, heritable extra-

genomic expression platforms, including artificial chromosomes.
○ [Bottleneck]: Spontaneous silencing of transgene constructs being expressed

over long periods of time.
■ [Potential Solution]: Synthetic epigenetic mechanisms that interfere with

or block natural silencing mechanisms.
● 5 years: Efficient gene editing in differentiated cells.

○ [Bottleneck]: DNA folding is a physical blockade against gene-editing enzymes.
■ [Potential Solution]: Engineering the editing enzymes and/or helper

proteins to unfold DNA.
○ [Bottleneck]: Bacterial CRISPR particles induce an immunogenic response.

■ [Potential Solution]: Discovery of non-immunogenic variants.
■ [Potential Solution]: Development of “coating” particles or chemical tags.

○ [Bottleneck]: Some cell types carry heterogeneous, naturally-modified genomes
(such as immune cells).

■ [Potential Solution]: Delivery of gene expression cassettes that are not
integrated into the chromosome.

● 5 years: Ability to domesticate engineered biological parts to confer immune
tolerance in immunocompetent organisms.

○ [Bottleneck]: Introduction of foreign proteins can induce immune rejection in
immunocompetent organisms; the rules governing how such rejection is elicited
by synthetic biology parts and how it may be circumvented are not yet clear.

■ [Potential Solution]: Generation toolboxes of “stealthed” parts that are
unlikely to elicit immune rejection.

■ [Potential Solution]: Development of strategies for inducting active
immune tolerance of synthetic biology parts.

● 10 years: Ability to coordinate engineered multicellular functions in intact
organisms via orthogonal communication systems.

○ [Bottleneck]: Generating synthetic analogs of coordinated processes, such as
wound healing or immune protection, will likely require communication between
engineered cells; co-opting native cell-cell signaling mechanisms is likely to
exhibit cross-talk and cross-regulation with native systems.

■ [Potential Solution]: Generation of libraries of mutually orthogonal
synthetic signaling molecules and receptors that can confer coordination
across various length scales within an organism.
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● 10 years: On-demand gene editing of organisms with desired traits.
○ [Bottleneck]: Gene editing efficiency is low for multiple edits; limitations in what

sequences can be edited due to CRISPR target-recognition constraints.
■ [Potential Solution]: Develop new CRISPR or other engineered enzymes

that have expanded recognition sequences and efficiencies.
● 20 years: Routine, on-demand, efficient germline editing for any targeted hosts of

interest at high-throughput scale.
○ [Bottleneck]: Different and diverse transformation systems needed across

species.
■ [Potential Solution]: Develop a process that is automated from

preparation of embryos to transformation to selection/identification of
successfully-edited embryos.

Goal 4: Generation of biomes and consortia with desired functions and ecologies.  
Note: We make the distinction between biomes and multicellular organisms (see Goal 3: On-
demand fabrication and modification of multicellular organisms) through the definition of a 
biome as containing organisms (including multicellular organisms) with different genomes. 

[Current State-of-the-Art]: While a few microbiome systems are well characterized, such 
as rhizobium for nitrogen fixation, we are still struggling to understand and how and why 
consortia of microbes cooperate in nature. Systems with mutual metabolic dependencies 
(synthetic heterotrophs) have enabled the construction of engineered consortia that are stable in 
laboratory settings (Pacheco, Moel, & Segrè, 2019). Our ability to produce synthetic interactions 
is possible with some ongoing efforts; for example, a small number of synthetic microbial 
consortia have been created as model systems, consisting of 2-3 different organisms (Kong, 
Meldgin, Collins, & Lu, 2018; McCarty & Ledesma-Amaro, 2019). Bioremediation and waste-
water treatment demonstrate the principles that consortia can be used industrially, while 
probiotics and fecal microbe transplants demonstrate the principle that the composition of gut 
flora can be manipulated. Industrial startups in this space are emerging at a rapid pace, but our 
ability to make targeted changes, such as adding or removing a single organism, in an existing 
microbiome are very limited. Overall, our ability to understand and manipulate systems with 
specific functions or to remediate biomes and consortia that cease to function as desired is very 
limited. 

[Breakthrough Capability 1]: Ability to control cell-to-cell communication between different 
species. 

● 2 years: Tightly-controlled promoter-response regulator systems that enable intra- 
and inter-species cellular communication.

○ [Bottleneck]: Limited technologies for the exchange of biochemical information
within a population of cells.

■ [Potential Solution]: Use available cell-cell communication regulators to
enable cell-cell communication in broader range of organisms.

■ [Potential Solution]: Expand communication systems by using a broader
range of natural quorum-sensing/communication modules (such as acyl-
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homoserine lactones, autoinducer-2, peptide-based signaling, and 
metabolic signaling). 

● 5 years: Synthetic cell-to-cell communication elements and networks that function
in a broad range of host organisms.

○ [Bottleneck]: Current synthetic communication systems have been engineered to
function in a limited set of organisms.

■ [Potential Solution]: Identify cell-cell communication elements in non-
traditional hosts, characterize, and modify for use in synthetic circuits.

■ [Potential Solution]: Engineered membranes (specifically, receptors) to
transmit information via cell-cell contact.

■ [Potential Solution]: Engineered transmission of secreted biomolecules
and exosomes.

● 10 years: Signal-response pathways that function in synthetic communities of 5-
10 organisms, employing a variety of pathway types and host species.

○ [Bottleneck]: Cross-talk between communication elements.
■ [Potential Solution]: Combine communication modules in a manner that

minimizes cross-talk; employ metabolic signaling to coordinate behavior
across population as needed.

○ [Bottleneck]: Feasibility of enabling signaling between all community members.
■ [Potential Solution]: Design networks with essential community-level

coordination using a limited set of communication modules.
● 20 years: Ability to produce engineered microorganisms that can reliably invade

and coexist within a complex community and manipulate the consortium/biome
function and behavior.

○ [Bottleneck]: Ecological understanding of complex microbiomes, rules of
coexistence, cooperation, and competition.

■ [Potential Solution]: Characterization of broad ranging natural, as well as
synthetic, communities during environmental and ecological changes.

■ [Potential Solution]: Employ cell-cell communication or metabolic
interactions to enable engineered cells to be accepted into/required by
the target community.

[Breakthrough Capability 2]: Ability to characterize, manipulate, and program the three-
dimensional (3D) architecture of a biome (i.e., the “ecosystem” of a natural or manipulated 
biome containing multiple species). 

● 2 years: Use of existing technologies (including metagenomics, transcriptomics,
proteomics, and mass spectrometry) to better understand the species
composition and collective components of microbial communities and consortia.

○ [Bottleneck]: Need data from diverse ecosystems, environments to build
predictive models.

■ [Potential Solution]: Generate and include data from many environments
so that models can integrate information with respect to the community,
what they are doing, and the environment they are inhabiting.

Engineering Biology: A Research Roadmap for the Next-Generation Bioeconomy

Technical Themes - Host and Consortia Engineering

93



June 2019 

   

● 5 years: Non-destructive, 3D visualization of microbial communities from a broad
range of environments.

○ [Bottleneck]: New technologies needed to report and visualize 3D structures and
functions of consortia.

■ [Potential Solution]: Adapt imaging, sequencing, -omics technologies to
characterize natural or engineered systems and their dynamics.

■ [Potential Solution]: Develop new reporter systems, such as cell-based
sensors, to assess and quantify function and/or 3D organization.

● 10 years: Ability to manipulate the 3D architecture of natural or engineered
communities using external inputs (such as molecules, temperature, or pH).

○ [Bottleneck]: Limited understanding of how communities respond dynamically to
environmental changes, especially in non-homogeneous systems.

■ [Potential Solution]: Characterization of how natural and engineered
communities respond to environmental changes; build spatio-temporal
models that incorporate genomic, functional, and environmental
outcomes.

○ [Bottleneck]: Ability to add sensing and actuation capabilities to any cell type in a
community setting.

■ [Potential Solution]: Targeted gene editing approaches that deliver only to
a specific organismal-member of a community.

● 20 years: Programmed communities that self-assemble into a desired 3D
architecture.

○ [Bottleneck]: Tools that enable desired stratification and self-organization (or
reorganization) of microbial communities.

■ [Potential Solution]: Use strategies from multi-organismal cell
development, such as the generation and sensing of gradients and
motility.

■ [Potential Solution]: Specific binding between cells using extracellularly-
displayed proteins to build or lock in specific levels of organization.

[Breakthrough Capability 3]: Ability to control and/or define the function of an engineered 
microbial community/biome.   

● 2 years: Ability to combine species with specialized functions to enable the
production of desired products.

○ [Bottleneck]: Growth rates and conditions ideal for production may vary between
species.

■ [Potential Solution]: Apply synthetic ecological approaches, including
identifying optimal growth conditions for the community, such as
engineering mutualistic interactions to control community composition.

● 5 years: Assembly of consortia to produce desired molecules/products,
considering community-level metabolic flux.

○ [Bottleneck]: Ideal division of labor within the consortium is difficult to predict.
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■ [Potential Solution]: Develop metabolic engineering approaches to
separate processes (such as reducing metabolic load, balancing redox
and cofactor use), ideally amongst community members.

● 10 years: Plug-and-play assembly of consortia to produce desired
molecules/products from specific starting materials, considering community level
metabolic flux and organism-to-organism communication. For example, developing
consortia of different microbial species that are grown/fermented together to create a
desired product.

○ [Bottleneck]: Optimal growth/production conditions of the individual community
members are likely to be different.

■ [Potential Solution]: Screen for, or predict, conditions that are optimal for
the community; tune relative population densities through inoculation
ratios and via feedback (cell-to-cell communication).

■ [Potential Solution]: Engineer community members to function optimally
under target bioreactor/process conditions.

● 20 years: On-demand assembly of consortia that are programmed to respond
dynamically, such that they can use different feedstocks, metabolize toxins or
toxic byproducts, or produce different products in response to endogenous
(system) or exogenous (user) cues.

○ [Bottleneck]: New strategies needed for holistic engineering of consortia that can
work under a broad range of conditions off the shelf.

■ [Potential Solution]: Develop reliable building blocks (organisms,
communication modules, sensors, enzymes, metabolic processes) that
can be recombined reliably and adapted for specific applications.

[Breakthrough Capability 4]: Targeted modification of an existing microbiome to enable new 
functions or address dysbiosis - at the host, community, or environment level - through the 
addition, removal, or reorganization of the community members. 

● 2 years: Use of existing technologies (including metagenomics, transcriptomics,
proteomics, and mass spectrometry) to characterize functions of microbial
communities from a broad range of environments.

○ [Bottleneck]: Need data from diverse ecosystems, environments to build
predictive models.

■ [Potential Solution]: Generate and include data from many environments
so that models can integrate information with respect to the community,
including major functions and surrounding ecosystem.

● 5 years: Characterize how select microbiomes respond to changes in the
environment, including the addition of toxins, the introduction new organisms
(pathogens or commensals), and the selective removal of species from the
community.

○ [Bottleneck]: Ability to selectively remove species from a biome.
■ [Potential Solution]: Targeted anti-microbials.
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● 10 years: Predictive models of microbiome function and response to a broad
range of environmental and ecological changes.

○ [Bottleneck]: Need to be able to undertake modeling and comparative pathway
analysis to determine most robust, prioritized, and resilient systems.

■ [Potential Solution]: Controlled laboratory experiments or observational
studies where microbiome function is determined as a function of
community composition and environment.

■ [Potential Solution]: Machine learning approaches to determine whether
there are patterns between microbiomes of interest (with respect to both
form and function); follow-up with strategies designed to improve
mechanistic understanding, as needed.

● 20 years: Ability to modify an existing biome or consortia as desired.
Biome/consortia modifications include: 1) adding functions such as the ability to sense
the environment and coordinate responses for defined outcomes (pathogen defense,
substrate transformation, and biosensing), and 2) manipulating composition of host-
associated communities to address dysbiosis or add new functions.

○ [Bottleneck]: Need controlled invasion of non-native organism with desired
properties or the ability to reintroduce a host-associated organism after
engineering.

■ [Potential Solution]: In situ gene editing to add function to a community
with minimal disruption.

○ [Bottleneck]: Ability to selectively add and remove community members,
including engineered cells, and have them persist in a community for a desired
length of time and at a desired population density.

■ [Potential Solution]: Kill switches (to remove organisms),
auxotrophy/complementation and shared metabolisms (to retain
organisms).

○ [Bottleneck]: Need an integrated understanding of microbial community ecology
and function; ability to predict how adding a new member with desired functions
will affect community health and stability.

■ [Potential Solution]: Focus on developing organisms that can integrate
into host consortia and deliver the required functions; recent evidence
suggests that function is more important that what organism is carrying it
out.
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