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Overview and Introduction

Overview

This EBRC technical research roadmap, Engineering Biology for Space Health, provides
a detailed evaluation of opportunities for engineering biology to improve human health and well-
being during space exploration missions and help solve societal challenges here on Earth.
Keeping humans alive on ever-longer and ever-further missions into space will require the
sustainable production and access to food, new and more efficient and effective health and
medicine capabilities, and enabling and ensuring resources to support life and control the local
environment, particularly when those resources are limited. This roadmap is intended to guide
technical research and development, investment, and programmatic decisions into engineering
biology tools and technologies that will help overcome the challenges of extended space travel.

The roadmap has been created through the contributions of over 100 diverse
stakeholders with broad scientific expertise, including academic and industry experts,
government leaders, and exceptional trainees. The planning, production, and publication of this
roadmap was led by the science policy experts at the Engineering Biology Research
Consortium (EBRC) with input from the leadership of the Translational Research Institute for
Space Health (TRISH). Three in-person workshops were held for content development, with
additional virtual workshops to further edit and refine the roadmap’s content.

The roadmap serves to provide a diverse audience, including the research community,
burgeoning private space industry, government funders, and policy experts, with an inclusive,
but not exhaustive, landscape of potential engineering biology advancements towards solving
known and anticipated challenges facing human health and well-being in space. The roadmap
consists of five cascading Elements, further detailed below (see About the Roadmap), in three
overarching themes: Health & Medicine, Food & Nutrition, and Environmental Control & Life
Support. This roadmap’s broad Goals are delineated by Breakthrough Capabilities to which
engineering biology can directly contribute. The Breakthrough Capabilities are broken down into
short-, medium-, and long-term milestones for engineering biology advancement, each with
relevant technical bottlenecks and potential solutions. This Element structure makes the
roadmap accessible to audiences with different levels of technical expertise or topical interest.
The roadmap also includes a Fictional Narrative and a contextual Glossary to help orient
readers.

Each field of science and engineering will have its own advancements and approaches
to the challenges discussed in this roadmap, and the tools and technologies identified here are
only a small portion of possible solutions to advance human health during long-term spaceflight.
Advances in other disciplines must be supported and researchers should remain actively
engaged in a way that fosters multi-disciplinary collaboration. The ethical and social
considerations of the tools and technologies described in this roadmap and beyond should be
meaningfully incorporated at the early stages of research, including proper training for
researchers to consider potential ethical, security, and legal implications from the start. The
opportunities described in this roadmap are only a small part of a broader body of work but
present the great potential engineering biology holds for future advancements in space health.

Engineering Biology for Space Health 1
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Introduction

The expansion of human capabilities in Low Earth Orbit and beyond will catalyze
advancement in scientific discovery and capabilities, with far-reaching implications. We can
leverage advancements in engineering biology to expand both human spaceflight capabilities
and on-Earth technological capabilities for a better future. Identified in the roadmap are novel
engineering biology approaches to research in space health that will improve environmental
control and life support systems, provide enhanced nutrition, and ensure crewmember health
and safety. Some of the potential solutions identified in the roadmap include bio-based sensors
for improved environmental monitoring, waste bioremediation and recycling bioprocesses,
bioproduction of micronutrients, protective microbiomes, and the bio-enabled on-demand
production of pharmaceuticals.

Technological breakthroughs in biomedicine have significantly increased the
understanding of the effects of long-term space travel and microgravity on health outcomes.
Applications in engineering biology are critical to improve surveillance and diagnostics to health
outcomes, with real-time monitoring and on-demand therapeutic interventions tailored to the
specific needs of each patient. Rapid response to illness and injury will be achieved with cross-
cutting technologies that enable on-demand production and long-term stability and storage of
biopharmaceuticals and biologics. Additional advancements in engineering biology research will
also help to support long-term maintenance of the physical health and well-being of astronauts.
Research opportunities include innovations in enzyme biosensors for health biomarkers, cell-
free production cascades for small molecule pharmaceuticals, and coating materials with
bioactive proteins or other biomolecules for wound care.

The health of astronauts additionally depends on the availability of highly nutritious and
palatable food that meets dietary needs. Future efforts in engineering biology to support food
and nutrition systems will likely include: on-demand, in-Space production of nutrients and
nutrient-rich food products; engineered food crops with high harvest index, pathogen resistance,
and a short harvest time; and innovative efforts to improve palatability and stability of food and
advance biobased food preservation. Combinations of genetic, biomolecular, and circuit and
pathway engineering can enable platform organisms to generate needed vitamins and minerals
for consumption, or macronutrients, including proteins, carbohydrates, and fats. Advancements
in cell culturing and three-dimensional bioprinting can enable the production of whole foods
(e.g., meats) in space, while crop-focused engineering tools can produce wholly-consumable
plants or enable plant tissues that serve as food or pharmaceutical;, and creative enzyme
engineering can help to generate stronger, desirable food flavor experiences otherwise lost in
space.

Rapid advancements in environmental control and life support systems over the last 70
years have catalyzed human presence in space, from the launch of the first unmanned Sputnik
satellite in 1957, to the International Space Station (ISS), which has been continuously occupied
since November of 2000. Advancements in engineering biology tools and technologies are
uniquely suited to further support these systems through air and water filtration and recycling,
enabling circularity with biotic and abiotic wastes transformed into newly usable materials and
feedstocks, and enhanced living and bio-derived materials for infrastructure to protect and
support human health. These capacities will be achieved with advancements in enzyme

Engineering Biology for Space Health 2
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engineering, expanded uses for cell-free systems, tighter direction and control of engineered
microbes and microbial consortia, and new capabilities in fungi, insects, and plants.

Across all themes and applications, there is a distinct need for analogs on Earth that
replicate elements of space, including microgravity, radiation exposure, thermal changes, and
the controlled and restricted nature of the environment. Space analogs allow researchers to
economically and efficiently test potential tools and technologies before sending them to space,
greatly increasing the number of solutions able to be tested. For the application and
implementation of many of the engineering biology capabilities described in the roadmap, there
are certain biological processes that need to be better understood and explored, and certain
foundational tools and technologies that need to be tested and adapted, to work in the space
environment. Examples of such include characterizing the dynamics of microbial systems and
consortia, where (at minimum) cell-to-cell signaling could be impacted by changes in aerosol
and fluid dynamics, and the need to develop compact or modular, highly-efficient and high-
fidelity bioreactors. Some of these needed capacities are captured in the roadmap explicitly,
while others are understood to be solved with further research in space; however, better
analogs for the space environment here on Earth would accelerate this innovation.

During creation of the roadmap, contributors acknowledged and discussed biosecurity in
engineering biology advancements, highlighting the importance of maintaining a controlled, but
adaptable environment, and understanding the impact engineering biology can have in new
contexts where evolutionary or physical controls and mitigations are not always present.
Throughout the roadmap, contributors identified strategies and opportunities for biocontainment,
such as genetic kill-switches and enhanced quorum sensing, to enable technological
redundancy and fail-safe measures. The highly controlled nature of space environments, like
the International Space Station, creates inherent containment, which is ideal for certain types of
research where biocontainment is of the utmost importance; however, it is important that any
technologies, particularly those impacting human health and well-being, are developed
considering security implications.

Engineering biology offers novel, scalable solutions that integrate well with current and
future economies and have broad applications in a variety of sectors, including the expansion of
human spaceflight capabilities. The unique challenges posed by the space environment can be
overcome, and in some cases, leveraged by engineering biology to establish new tools and
technologies. Engineering biology can help to enable environmental complexity and propel
systems towards circularity. In-space research will enable the further development and
engineering of systems that move toward black box research models, which promote user
independence and are particularly helpful in the early stages of research. The space
environment also challenges researchers to engineer for austere and low-resource
environments, with potential applications extending to health and medicine, resource utilization,
and sustainability on Earth.

Roadmapping Process and Project Development

Engineering Biology for Space Health: An Innovative Research Roadmap is EBRC’s
sixth technical research roadmap. The topic and focus of the roadmap were developed in
coordination with the Translational Research Institute for Space Health (TRISH), with scoping
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and oversight from the Roadmap Leadership Team (see Contributors) and the EBRC
Research Roadmapping Working Group. Working within NASA’s Human Research Program
and Baylor College of Medicine, TRISH is dedicated to supporting research aimed at solving the
many challenges of deep space exploration, including high-risk, high-reward projects (TRISH,
2024).

Roadmap stakeholders include the engineering biology research and space health
science communities. The roadmap aims to bring these communities together to better
understand, and spur ideas towards, what engineering biology can enable. It is also intended for
use by those in industry, government, non-profit, and nongovernmental organizations and
institutions to provide a statement on opportunities in the field and identify milestones and
targets to consider in program and infrastructure development and investment.

EBRC’s roadmapping is an interactive process of brainstorming, drafting, discussion,
review, and revision. Over 100 individual contributors with a broad variety of expertise (see
Contributors) helped draft Engineering Biology for Space Health. Initial scoping began in
October 2023, followed by three in-person writing workshops held in December 2023, March
2024, and May 2024. A number of virtual workshops and collaborative writing sessions were
held June-July 2024 to further refine and clarify roadmap content. The roadmap was reviewed,
edited, and revised by contributors and stakeholders from May through August 2024 and
prepared for publication in September 2024.

The EBRC Roadmapping Working Group, chaired by Dr. Michael Kdpke (Chief
Innovation Officer, LanzaTech) with staff direction from Dr. Emily Aurand, leads EBRC
roadmapping efforts. This work received substantial support from Kaitlyn Duvall, EBRC Program
Research Assistant, with editing assistance from EBRC Science Policy Postdoc, Dr. Julietta
Sheng, and event coordination support from EBRC Senior Administrator, Mary Tomagan. EBRC
is led by Executive Director, Dr. India Hook-Barnard.

Month Month
1 2 3 4 5 6 7 8 9 10 n 12

SCOPING
: DRAFTING
: : : : : REVIEW & REVISION

Sensnnnnnnnnnnnnn Fesssnnnnnnnnnnn Serssnrnnnnnned fennnnnnnnn Sesssnnasnnnnnnnnvnnndannnnnd Cennnsnnnnnnel

Content Development Workshops*

: : PREPAEATION
E *Workshop dates are approximate. Actual dates will be determined by Project and Roadmap Leadership Teams. PUBLICATION

Draft Technical Roadmap * IDISSEMINATION

Content Available
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Figure 1. Timeline of Engineering Biology for Space Health development. The EBRC roadmapping process
consists of scoping, drafting, revision, and review processes. Development of the roadmap began in October 2023 and
the roadmap was published in October 2024.
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About the Roadmap

This technical research roadmap includes three major themes which detail significant
breakthroughs and milestones for engineering biology for space health. The Health & Medicine
theme addresses opportunities to improve the health and well-being of crewmembers while
ensuring access to necessary diagnostics and therapeutics. The Food & Nutrition theme
focuses on opportunities to sustainably produce and maintain palatable and nutritious food and
supplements. The Environmental Control & Life Support theme explores the application of
engineering biology tools and technologies to improve environmental control and life support
systems for long-term spaceflight, including clean air and water, waste remediation and
recycling, and materials synthesis and adaptation. Each theme is broken down into a series of
increasingly technical roadmap Elements:

Goals — The roadmap Goals are the “big-picture” objectives, what we hope to
accomplish through science and technology to improve human health and well-being in
space. Written in a way that is accessible to non-technical audiences, the Goals are
intended to convey some of the biggest issues and opportunity areas in tackling
challenges and enabling long-term solutions.

Current State-of-the-Art — Each Goal is followed by a short summary of where we are
today, including some of the biggest challenges for both the Space context and
engineering biology.

Breakthrough Capabilities — The Breakthrough Capabilities identify how we can
contribute to the Goal with engineering biology and are representative of major aims
across the field. Typically written as what you might see in a Science or Nature
publication headline, the Breakthrough Capabilities are the engineering biology
achievements towards their higher Goal.

Milestones (Short-, Medium-, and Long-term) — The Milestones represent
advancements in engineering biology tools and technologies that make stepwise
progress towards achieving the Breakthrough Capability. Short-term Milestones are
expected to be about 3-5 years away from achievement, representing research that is
currently funded (or where funding opportunities exist) or could be accomplished with
existing resources. Medium-term Milestones are tools and technologies anticipated to be
achieved in approximately 10-15 years; these research areas likely need funding
(including new grant/award programs) or infrastructure development, and other support
at the institutional or federal level. Long-term Milestones are anticipated to be 20-30+
years from realization and, in most if not all cases, would require new funding,
infrastructure, or other resources (including significant tool and technology
development). All of the milestones are intended to be ambitious and visionary,
representative of what engineering biology could accomplish with unconstrained
resources and congruent advancements in other fields, so as to spur investment and
action across the science, engineering, social, and political enterprise. Many of the
milestones are written with the expectation that they can be achieved in the Space
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context, requiring extensive testing in microgravity environments and thus, more time
than similar capacities on Earth, before the milestone is reached.

Bottlenecks and Potential Solutions — The Bottlenecks represent a specific technical
challenge to achieving the milestone. Likewise, the Potential Solutions represent one or
more ways in which we might overcome the bottleneck. These elements are not
comprehensive, capturing only a few of the issues and approaches researchers may
encounter and undertake.

We recommend the following citation when referencing this roadmap: Engineering Biology
Research Consortium (2024). Engineering Biology for Space Health: An Innovative Research
Roadmap. Retrieved from http://roadmap.ebrc.org. doi: 10.25498/E4D59R

Feedback or questions about this roadmap or EBRC’s other roadmaps and roadmapping
activities can be directed to roadmapping@ebrc.org.

About EBRC

EBRC is a non-profit, public-private partnership dedicated to bringing together an
inclusive community committed to advancing engineering biology to address national and global
needs. We showcase cutting-edge research in engineering biology, identify pressing challenges
and opportunities in research and application, and articulate compelling research roadmaps and
programs to address these challenges and opportunities. Our four focus areas, driven by
member-led working groups, are Research Roadmapping, Education, Security, and Policy &
International Engagement.
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Fictional Narrative

The below mock journal entry’ is included to provide informal context for some of the
potential advancements detailed in the roadmap.

September 30th, 2050

We have been in transit for one hundred and twelve days, each moment bringing us
closer to Mars, a planet that once felt impossibly distant. As | glide down the main corridor of the
spacecraft, | think back to when the idea of space travel was grueling, little true joy could be
found in the food, and concerns about staying healthy weighed on one’s mind. But this time,
thanks to the wonders of engineering biology, this mission has felt more like an exciting
adventure.

During my morning float through our craft, | go by the hydroponics hub. It's a green oasis
in the center of the ship, filled with vibrant plants and small streams that flow through nearly-
invisible tubes against lunar regolith. Aside from providing solace and a reminder of home on
Earth, the hydroponics hub is a major source of environmental control and life support aboard
the spacecraft.

The plants and crops grow in soil that is created from human waste-derived nutrients
and contains engineered bacteria to enhance growth and harvest rate, one of the largest
successes in innovations to the wastestream remediation system. The plants themselves are
engineered to use nitrogen and water from human urine for nutrients and growth. They also
sense, filter, and decontaminate pollutants for clean, breathable air onboard the spacecraft. The
fluid tubes of the hydroponics hub are made from materials that contain genetically engineered
microbes that recover nutrients from wastewater to be reused for agriculture or human
consumption. Potable water obtained from this system is further electrolyzed to generate
hydrogen and oxygen for other environmental and life support uses.

The regolith we collected from our pit-stop on the Moon makes up the foundation of the
hydroponics oasis. The rocks, with their specialized organic supplementations, not only help
maintain healthy space crops but are also crucial for in situ synthesis of our biomaterials.
Microbes engineered to be regolith-tolerant allow for extraction of minerals, heavy metals, and
other essential elements for downstream biosynthesis of materials we use for (re)packaging,
crop fertilizer, and bio-concrete for emergency repairs of the ship.

My next stop is the cafeteria for breakfast. Space food has also come quite a long way.
We have successfully leveraged 3D-bioprinting technology and adaptive bioreactors to produce
foods with optimized nutrient and dietary requirements that look more like what we would get in
a restaurant on Earth. Engineered enzymes additionally allow us to enhance the taste and
texture of our food to our own preferences, making it more palatable.

After | finish my coffee and “Starberry” waffles, | visit our doctor in the medical bay. They
are currently attending to another crewmate who is undergoing analysis of their biomarker data
so they can adjust the concentration of her weekly biologic that prevents bone and muscle
density loss in microgravity environments. As | wait outside the patient room, | peer into the

1 We provide no guarantees to the technical accuracy of this journal entry. It's just for fun!
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medical testing lab where one of our scientists is adding in macromolecular sensors and
thermo-stable enzymes to biological feedstocks. We don’t have much refrigerated storage
space onboard, so these sensors and enzymes allow us to monitor, store, and process
feedstocks and samples at room temperature. In the case of a medical emergency, the
spacecraft is equipped with the biotech data and infrastructure to rapidly diagnose health
conditions and perform life-saving procedures, such as personalized gene therapies or blood
transfusion, at nearly the push of a button.

| finally arrive at the command center of the ship and gaze out the main observation
window. The twinkling stars seemed to dance together, as if welcoming us into these endless
depths of Space as our ship hurtled towards the Red Planet. Thirty-eight more days, and we will
truly test the lengths engineering biology can take us.
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Health & Medicine

Introduction and Impact: The space environment poses unique challenges to the health and
well-being of humans. Off Earth, the human body is subjected to a variety of unique
environmental stressors that include musculoskeletal system effects, cardiovascular impacts,
damage to the central nervous system, impaired cognitive function alteration, reduced motor
function, increased cancer risk, psychological/behavioral changes, and many more (NASA HRP
2016; Reynolds et al., 2020 Bushnell & Gross, 2023, Barratt et al., 2020). Although a significant
body of work is dedicated to understanding the impacts of spaceflight on humans, there is still
much to learn, particularly regarding long-term missions and extended flight time. The breadth
and uncertainty of what diagnostics and therapeutics may be needed — particularly for missions
that extend beyond Low Earth Orbit (LEO) and are longer in duration — make it difficult to
provide immediate, accurate, and effective care (Averesch et al., 2023). To expand human
capabilities in space, improved medical support and countermeasures (including advanced
diagnostics and therapeutics for care and treatment of conditions) are necessary to support and
maintain crewmember health and ensure mission success.

This technical theme considers engineering biology solutions to improve medical
surveillance, diagnostics, and treatments to promote better understanding of health and
enhance overall patient care. Engineering biology offers the opportunity to employ biosensors
and bio-enabled devices that are capable of real-time monitoring and data collection. On an
individualized level, biology-based diagnostics will enable rapid development of personalized
medicine, specific to the health needs of each patient. With integration of biochemical analysis
and metabolic monitoring techniques, the roadmap explores how these tools can be leveraged
to better predict human health status and enhance treatment outcomes.

The roadmap addresses engineering biology opportunities to rapidly respond to iliness
and injury. Cross-cutting technologies will enable on-demand production of pharmaceuticals and
biologics using cells, cell-free systems, plants and other biological platforms, allowing for more
immediate and effective medical treatment. Long-term stability, storage, and quality monitoring
of biopharmaceuticals and biologics will enable high efficacy of these treatments over time
(Perez-Pinera et al., 2016; Adiga et al., 2018). Advanced hemostasis management and wound
healing can reduce the recovery time in severe conditions. Together, these advancements in
engineering biology will enable accessibility and availability for faster and more reliable health
care.

Long-term spaceflight will require not only response to illness, but considerations for
overall health and well-being over time. The roadmap considers engineering biology
approaches to the maintenance of human health and physiology, through approaches such as
engineered biomaterials to protect against radiation and the establishment of robust and stable
human microbiomes to prevent illness and disease (Cao et al., 2020; Mortazavi et al., 2023).
Another important capability is the prevention of bone density and muscle loss. There are also
potential engineering biology capabilities that could complement approaches to addressing
psycho-social well-being and performance, to ensure good physical and mental health of
astronauts during prolonged space travel.

This roadmap presents only a few of the many possible engineering biology approaches
to improving human health during long-term spaceflight. Further research in the pharmaceutical
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and medical fields should accompany the achievements highlighted here and such research
should be multidisciplinary and include a focus on the ethical and social implications of these
technologies and their applications.
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Goal

Breakthrough Capability

Milestone

Surveillance, monitoring, and diagnostics for human health and

physiology.

Real-time, personalized and individualized modeling and prediction of health status and trajectory.

Creation of digital twins from precision

health Al/ML model training based on

in vitro analysis of individual biomarker
data.

A comprehensive model to monitor
multi-modal health biomarkers.

Holistic genome data and models

of major human tissues to predict

individualized environmental and
lifestyle effects on health.

Comprehensive modeling of
personalized health analytics with
capability to scale to variable
environmental conditions.

Personalized microbiome and
environmental data to reliably predict
dysbiosis and low perturbation
prophylactic intervention.

Integrated, continuous, and autonomous sensing and monitoring of human metabolic and biochemical

biomarkers.

Shelf-stable biosensors for detection of
specific human health-related chemicals
or chemical groups.

Short-term

Non-invasive, remote monitoring of
gene expression and signaling states in
human cells for major organs and tissue

systems.

Devices that provide point-of-care
solutions from analysis of biological
samples without the need for cold chain
storage or processing.

Real-time metabolomic sensor arrays to
monitor function in real-time.

Multi-biosensor system for biochemical
surveillance that does not require
specialized equipment.

Wearable or implantable biosensors
to continuously monitor a range of
metabolic markers, such as glucose and
hormone levels.

Specific biosensors capable of
monitoring immune status of the
individual.

Medium-term

Biochemical sensors that monitor
physiological baselines of individuals
over time to predict health concerns

before clinical presentation.

Real-time monitoring of biological
samples with in vivo and ex vivo
biosensors to predict and treat disease,
infection, and other health outcomes in
space.

Long-term

Engineering Biology for Space Health
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Rapid engineering of biology-based or -enabled diagnostics and intervention decision-making.

High-throughput, small volume liquid
handling that is robust, reproducible,
and requires minimal human
intervention or troubleshooting.

Miniaturization and combination of
sample processing, metabolomic
profiling, transcriptome and genomic
seguencing, and Al/ML analysis.

Detection tools for monitoring
foodborne, waterborne, and airborne
pathogens in the local environment.

Computational models of illness
and injury that provide therapeutic
interventions based on disease
severity and time course.

Cell-based methods for detection of
stress hormones in blood and tissue.

Modular or combined diagnostic
biosensors to screen for multiple
pathogens or biomarkers in a single
test.

Genetically modify human cells or
microbiota with feedback-control
genetic circuits that activate desired
immune pathways in response to
specific diseases.

Rapid response to illness or injury.

Wearable sensors to provide real-time
indicators of health risk.

Long-term stability, storage, and quality monitoring of biopharmaceuticals.

Low-resource stabilization (e.g.,
lyophilization, drying) and rehydration
of biologics through iterative testing
for the duration of space flight
missions.

Short-term

Engineering Biology for Space Health

Engineer microbes or microbial

consortia storage systems capable of

rejuvenation in space.

Point-of-care quality control and
assurance tests to assess proper

folding, glycosylation, and activity of
manufactured or stored therapeutics.

Medium-term

Enable storage of complex cell
factory systems (e.g., human or plant
tissue culture) for further on-demand

biosynthesis.

Medical-grade responsive
biomaterials to mitigate oxidative
and radiative degradation of
biopharmaceuticals.

Long-term storage of pre-synthesized
DNA on solid substrate (e.g., paper
strips) to enable rapid, cell-free
synthesis of mRNA.

Long-term
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On-demand bioproduction of small molecule pharmaceuticals.

On-demand enzymatic semi-synthesis
of prodrugs.

Demonstrate on-demand synthesis of
pharmaceuticals in lyophilized cell-free
reactions in a single tube/pot or via
purified enzymes.

Production of therapeutics using
transient expression in edible plants.

Cell-free production of ready-to-
use pharmaceuticals with minimal
downstream processing steps.

Engineer autotrophic microbes
(e.g., cyanobacteria, halobacteria)
or bryophytes that can withstand

high radiation for the production of
chemicals and pharmaceuticals.

Regulate pharmaceutical release from
organism or microbial systems with
endogenous mechanisms.

On-demand production of biologics.

Cell-free production of any
pharmaceutical using DNA
synthesized and stored onboard the
spacecraft.

Library of genetic constructs for on-
demand production of most common
small-molecules within appropriate
chassis.

Engineer heterologous production
strains for major classes of small
molecule therapeutics (antibacterial,
antifungal, anti-inflammatory agents,
etc.) that can be kept as lyophilic or
freezer stocks in minute quantities for
space flight applications.

Target human cells or tissues for
genetic manipulation to enable in vivo
pathways for biologics production
and therapeutic proteins.

Short-term

Engineering Biology for Space Health

Robust control of infection with viral
vectors optimized for microgravity
environments for drug and gene
delivery in space.

Protein-based biopharmaceuticals in
viral vectors in space.

Microbes or plants able to produce
common classes of shelf-stable
biologics, such as antimicrobials.

Allogeneic human cells with desired
biological activity in any host (e.g.,
CAR-T cells that target a class of
cancers).

Selectable system for transient skin

colonization by an engineerable skin

microbiome to combat infection or
injury.

Selectable system for transient
colonization of internal human
microbiomes (Gl tract, lung, vaginal,
etc.) to address illness or infection.

DNA templates for production of all
biological World Health Organization
Essential Medicines relevant for space

travel.

Medium-term

Bacterial, living therapeutics capable
of transient medicine production and
essential nutrients in the human bodly.

Adoptive T-Cell therapies to improve
wound healing.

Transient viral delivery systems that
are adaptable to various conditions
for the host (i.e., the duration
of therapeutic delivery, titers of
therapeutic produced, side-effects in
host cells, etc.).

Strain-specific phage chassis to

target bacteria that commonly cause
infections during space flight.

Selective delivery of mRNA drugs to
tissues with smart-targeting particles.

On-demand production of
therapeutics within 24-hours in plant
hosts.

Long-term
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Cross-cutting and enabling technologies for on-demand bioproduction of pharmaceuticals and

biologics.

Portable DNA synthesis machines
to enable Earth-to-vehicle/habitat
communicated synthesis.

Drop-in, freeze-dried replacements of
standard biochemical and biomolecular
components (e.g., macromolecular
sensors, thermo-stable enzymes) to
enable room-temperature biological

: ; Reuse of source materials and reagents
sample processing. Recycling of excess 9

. . . (NTPs, dNTPs, cofactors, etc.) from
biopharmaceuticals excreted in waste . . .
SRS (B FrauTin 17 Ui bioproduction processes in space/low-
Microfluidic and nanofluidic bioreactors . ’ resource settings.
that are functional in microgravity.

Categorized common spaceflight
ailments and associated treatments.

Characterization of the adverse effects
of microgravity on host cells utilized for
biologic production.

Advanced hemostasis management and wound healing.

Use of natural pro- and anti-
coagulants (i.e., activated protein
C to treat thrombotic or bleeding

emergencies from impaired blood Biomaterials and hydrogels for
flow or radiation. optimal production and material Ability to grow full or partial human
adaptation in spaceflight scenarios, skin from stem cells to treat severe
Successful whole blood transfusions to create a pipeline of first-aid and skin damage.
during spaceflight using transfusable surgical supplies.

artificial oxygen carriers or
engineered blood product substitutes
to replace blood products.

Biomanufacturing of natural bioactive
products effective for wound dressing
and healing, such as cell-free or
microbial production of synthetic
antibacterial minerals to combat
topical infections.

Synthesized treatments to instantly
Engineered liver cells to create blood adapt and enhance human production
proteins or blood-like fluid on- of hemostasis and coagulation
demand. proteins to recover hemostasis and

; wound healing.
Engineered plants to produce

effective bioactive products for
wound dressing and healing.

Short-term Medium-term Long-term
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Engineering biology for long-term maintenance of health.

Maintenance of sufficiently diverse and stable human microbiomes.

Genetic toolkits and metabolic
models for dominant commensal taxa
of human microbiota (e.g., Escherichia Ro_bUSt methods for.engraftment and
coli, Enterococcus spp., Bacteroides maintenance of.per5|stent. Comm‘%“'ty
spp., Cutibacterium). Ievgls of engineered _mlcrobes in
diverse human environments.

Human microbiota communities
synthesized in situ to promote
astronaut health.

High-throughput screening
of important microbiota gene
targets with functional genomics
technologies, including CRISPR

Engineered microbes to deliver
specific and on-demand treatments

to dysbiosis.
libraries and transposons.
Biological reporters to quantify and
Established baselines for the detect_abno_rmal fluctuathqs in the _ Phe_lge that opt|m|zg human .
o . . microbiome communities. microbiome to accomplish dynamic
composition, stability and evolution of ) }
. : . : human physiological responses to
the human microbiome (i.e., gut, skin, . . .
: " disease, infection, and other health
etc.) in space conditions.
outcomes.

Prevention and treatment of long-term, cellular-level radiation damage and genetic mutation.

Defined baseline genetic parameters to
track mutations.

On-demand production of radiation
protection reagents (e.g., melanin,

granulocyte colony-stimulating Efficient human DNA repair genes Effective delivery of improved human
factor, entolimod, or resveratrol) as to repair the genome from radiation repair genes and implementation into
antioxidants. damage. human host.

Radiotrophic fungi or selenomelanin

analogs constructed or embedded

into biomaterials to protect against
radiation.

Prevention and reversal of bone density loss.

Produce drugs that can protect bone
density in host (micro)organisms
compatible with spaceflight.

Identification of key enzymes
and bioprocesses associated with Optimized enzymes engineered to
bone density maintenance that improve biomineralization.
are downregulated or damaged in
microgravity.

Inducible capacity to mitigate
osteoporosis without harmful side
effects (such as continued bone density
increases above baseline, particularly
when subjects return to Earth gravity).

Living biologic therapeutics to prevent
bone loss as an alternative to daily
vigorous exercise.

Short-term Medium-term Long-term
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Prevention and reversal of muscle loss.

Molecular simulation of the
biochemical response to exercise
Personalized diet (e.g., amino acid in muscle tissue with biologics
profiles, hormone supplements) to or biologically produced
support muscle deposition without

Neuronal activation of muscles
during sleep with muscle stimulator
or therapeutic that activates lower

motor neurons or their receptors in “dveise conslieatons )
muscle tissue. : Muscle-targeted expression or

delivery of myosin, actin, or other
activating molecules.

Robust, cell-based theranostics (integrated diagnostics and therapeutics) for sustained, precision

disease prevention.

Human or human microbiota chassis
that can sense and respond with
therapeutics release to a range of

relevant environmental conditions at )
clinically relevant concentrations. Remote user control of behavior and

therapeutic actions of engineered cells.

In silico techniques and open-source
platforms to design and optimize
precision medicine and live biologic
therapeutics.

Suitable host chassis for human cells Microbial living therapeutics capable
or microbiota to implement living of transient medicine production and
therapeutics. essential nutrients in the human bodly.

Engineering biology opportunities to promote long-term psycho-social well-being and performance.

Production of neuromodulatory
molecules in gut microbiome members
at clinically relevant concentrations. Establish persistent neuromodulatory
therapeutic production in gut
microbiome members and identify
Relevant biological responses to factors affecting the longevity of
neuromodulatory molecules produced engineered functions.
by the gut microbiome at clinically
relevant concentrations.

Production and use of plant and fungal
antipsychotic compounds in space.

Short-term Medium-term Long-term
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Goal: Surveillance, monitoring, and diagnostics for human health and physiology.

Current State-of-the-Art: The capability to perform in-depth medical surveillance, monitoring,
and diagnostics in spaceflight is essential to maintain crew health on long-term missions.
Significant testing, monitoring, and diagnostics are currently completed pre-flight, during, and
post-flight to ensure crewmember health and safety. The NASA-driven program, Complement
of Integrated Protocols for Human Exploration Research on Varying Mission Durations
(CIPHER), is a aimed at investigating how humans adapt to long-term space flight,
particularly the five major hazards associated with space flight: radiation, reduced gravity, and
distance from Earth, isolation, and hostile/closed environments (Oubre et al., 2024). Data
collected from CIPHER will include a broad variety of medical testing (including but not limited
to, blood tests, imaging, and functional evaluations completed pre- and post-flight) and will aid
in the identification of ideal health indicators focused on preventative care and optimal health
and well-being. Advanced human microbiome monitoring, including oral, lung, and gut
microbiomes, may be made possible through the utilization of 16S rRNA sequencing
techniques (Ames et al., 2018), though datasets should be expanded to include skin and
olfactory microbiome data as additional health and wellness indicators. Microphysiological
systems, like lab-on-a-chip and inflammation-on-a-chip devices, enable further study of
cellular activities relevant to the spaceflight environment (Irmia & Wang, 2018). Radiation
exposure characterization and innovative, non-invasive, capabilities to detect and
characterize radiation exposure will be emerging from the Intelligence Advanced Research
Projects Activity (IARPA) Targeted Evaluation of lonizing Radiation Exposure (TEI-REX)
experiment, and are likely to include bioengineering components (Patterson et al., 2021).
Personalized microbiome and environmental data may be further used to predict and prevent
dysbiosis.

Sensing and monitoring biomarkers of human health and physiology remains a highly
active area of research, with the ultimate goal of allowing timely diagnostics and interventions
to health events. To achieve this, knowledge about relevant biometrics, frequency of
measurement, and their heterogeneity across human populations must be improved.
Biometric monitoring devices must also be capable of generating the desired data at desired
time points. Biomarkers using multi-omics approaches, integrated with environmental and
behavioral data, remain an expanding area of research, with focus areas including oncology,
rare diseases, and inherited genetic disorders. Currently, chemokine, cytokine, and
cardiovascular biomarkers are captured for in-flight astronauts (Overbey et al., 2022).
Accuracy and clinical relevance are inherent in current devices and rely on algorithms from
large data sets that are often unstructured and not widely shared. Wearable device
technology that monitors health and fitness is largely driven by consumer products (Alavi et
al., 2021; Lim, 2020). While wearable sensors are used to monitor vital signs, exercise output,
and some specific advanced health metrics, algorithms and data used to train the Al/ML
aspects are proprietary and often are not standardized, making data interpretation difficult,
and access to raw data is often impossible. Wearable devices also commonly rely on
continuous internet access to process data, which is a challenge for low resource
environments.
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Advancements toward implantable biomonitors have been made, such as the FDA-
approved Eversense E-3 implantable, continuous blood glucose monitor; although the
approved lifespan of the device is 6 months, the manufacturer claims it may be viable for up
to 1.5 years (Hoskins, 2022). The use of similar technologies would yield interesting data and
may work well as a diagnostic tool on long-term missions, but equipment to collect and
synthesize data enabled with the appropriate software to scan and/or monitor the device,
would be needed. Advancements in technology, data sources, artificial intelligence (Al) and
machine learning (ML) are rapidly evolving and generative Al large language models may be
utilized for the capture and tracking of medical data (Lee et al., 2023). Personalized health
based on ML models must be trained by in vivo biomarker data.

The International Space Station (ISS) does not currently have the capacity to perform
basic diagnostics, like complete blood count and differential diagnostics. Various diagnostic
instruments and assays have been tested aboard the ISS, but none are flight-certified and
use is limited (Kilkenny & Russell, 2022). Engineering biology offers solutions to improve and
expand monitoring and diagnostic capabilities. CRISPR-based diagnostics and toehold-switch
technologies can be leveraged to rapidly identify disease indicators and provide effective
therapeutic intervention (Ryung Kim et al., 2022; Kaminski et al., 2021; Pardee et al., 2016).
Recent developments in these technologies reduce the need for specialized equipment and
trained personnel, enabling point-of-care diagnostics (Kaminski et al., 2021). Paper-based
point-of-care diagnostic tools, like lateral flow assays, also show great potential for rapid
screening in low-resource environments (Omidfar et al., 2023). These devices enable sample-
infanswer-out analysis of key biochemical markers from easily obtained samples (saliva,
urine, blood) and often do not require cold storage or processing. The production and
distribution of safe medicine also requires the ability to complete Pharmacokinetic-
Pharmacodynamic (PK/PD) analysis of an individual at a particular point in space and time
when the medicine is needed. In the long-term, this would be combined with on-site, on-
demand manufacturing of tailored therapeutics to provide fully personalized medicines for
anyone in resource-limited environments, on and off Earth (Aziz et al., 2022).

Breakthrough Capability: Real-time, personalized and individualized modeling and prediction of
health status and trajectory.

e Short-term Milestone: Creation of digital twins from precision health AI/ML model training
based on in vitro analysis of individual biomarker data (Katsoulakis et al., 2024; National
Academy of Sciences, 2024).

o Bottleneck: Insufficient data and validation frameworks for individualized
genomics data for Al model training to detect susceptibility to health
perturbations.

m Potential Solution: Microphysiological systems as models (e.g., tissue
chips, organ-on-chips) to increase validation frameworks for predictive
health outcomes.

o Bottleneck: Access to Low Earth Orbit (LEO) and LEO-based systems for high-
throughput research to enable microgravity-based ML models to predict health
trajectories.
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m Potential Solution: Automated high-throughput biomodel screening
systems (e.g., microphysiological systems such as tissue chips and
organs-on-chips) that can be deployed on a breadth of LEO platforms.

o Bottleneck: Limited understanding of physiological adaptation to extreme
environments (i.e., variable gravity environments).

m Potential Solution: Collect physiological data from individuals exposed to
extreme environmental conditions to enhance capability of ML models to
detect abnormal patterns.

e Medium-term Milestone: A comprehensive model to monitor multi-modal health
biomarkers.
o Bottleneck: Lack of adequate biomarker sample sizes in variable gravity forces to
establish “normal” parameters in these environments.

m Potential Solution: Use “Organ-on-chip” and “Tissue Chip”
microphysiological systems as synthetic mimics of human biological
systems to increase the effective sample sizes for spaceflight-relevant
studies (Shinde et al., 2023).

m Potential Solution: Conceptualize variation based per individual to avoid
transposing the general population data and evaluate deviation per
astronaut.

o Bottleneck: Lack of automated systems for biological data collection modules.

m Potential Solutions: Automated data transformation modeled after
systems on Earth to reduce required training.

m Potential Solution: Generative Al methods for biological data collection,
analysis, and interpretation.

e Medium-term Milestone: Holistic genome data and models of major human tissues to
predict individualized environmental and lifestyle effects on health.
o Bottleneck: Lack of individualized astronaut genomics data.

m Potential Solution: Microphysiological system models (e.g., organ chips,
tissue chips) to increase individualized and representative datasets

(NASA Science Editorial Team, 2022).
o Bottleneck: Limited understanding of which specific biological processes and
traits result from genetic or epigenetic regulation.

m Potential Solution: Investigate the relationship between genetic and
epigenetic regulation that control phenotypic outcomes.

o Bottleneck: The possibility of temporal changes over extended missions in space.

m Potential Solution: Longitudinal studies examining physiological changes
in biological models in space.

e Long-term Milestone: Comprehensive modeling of personalized health analytics with
capability to scale to variable environmental conditions.
o Bottleneck: Lack of statistical methods for longitudinal human health data
modeling in varied gravity and radiation environments.

m Potential Solution: Collect long-term data in simulated and real (e.g., ISS)

microgravity environments.
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m Potential Solution: Power analysis for identification and prediction of
longitudinal changes of personalized health data.

m Potential Solution: Genomic sequencing of gametes from astronauts
before and after long-term space missions to determine effects of
radiation on mutation accumulation.

o Bottleneck: Lack of population diversity in available ISS crew data.

m Potential Solution: Data inclusion from more diverse crews exposed to
variable gravity orbits (e.g., Commercial Low-orbit Destination crew).

o Bottleneck: Paucity of facilities in which to study effects of LEO and Beyond Low
Earth Orbit (BLEO) environments on health.

m Potential Solution: Integrating LEO/BLEO parameters into existing in
silico modeling platforms (Chowdhury & Fong, 2020).

m Potential Solution: Use of smaller microgravity simulating reactors and
devices to examine health outcomes.

e Long-term Milestone: Personalized microbiome and environmental data to reliably
predict dysbiosis and low perturbation prophylactic intervention.
o Bottleneck: Lack of data integration models and identification of appropriate
microbiome biomarkers.

m Potential Solution: Design a relevant microbiome diversity index with
high-throughput sequencing.

m Potential Solution: Use NIST Human Gut Microbiome reference material
for benchmarking, assay analysis, and model verification (Jackson et al.,
2024).

m Potential Solution: Study microbiomes of humanized mouse models to
better predict outcomes (NIH Human Microbiome Project, 2024; Park &
Im, 2020).

Breakthrough Capability: Integrated, continuous, and autonomous sensing and monitoring of
human metabolic and biochemical biomarkers.
e Short-term Milestone: Shelf-stable biosensors for detection of specific human health-
related chemicals or chemical groups.
o Bottleneck: Sensitivities of shelf-stable biosensors may not distinguish between
small chemical moieties.
m Potential Solution: Implantable biosensors within the host.
m Potential Solution: Equipment that uses non-invasive sample collection
(e.g., toilet that can measure biomarkers in urine and feces).
m Potential Solution: Identifiable biomarkers integrated into microbiome
biosensors that indicate health status.
o Bottleneck: Activity and stability of biosensors may be limited under shelf-stable
conditions.
m Potential Solution: Hydrogels or other polymer-based media to sustain
optimal conditions for activity (Li et al., 2023).
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m Potential Solution: Robust detection of biomolecules with shelf-stable
lateral flow assays, such as paper-based assays (Rink & Baeumner,
2023).

e Medium-term Milestone: Non-invasive, remote monitoring of gene expression and
signaling states in human cells for major organs and tissue systems.
o Bottleneck: Lack of non-invasive probes to monitor gene expression and cellular
signaling in real-time.

m Potential Solution: Enhanced imaging technologies, such as positron
emission tomography (PET), near-infrared fluorescence (NIRF), and
magnetic resonance imaging (MRI) for reporter genes, to visualize gene
expression in major organs and tissue systems.

e Medium-term Milestone: Devices that provide point-of-care solutions from analysis of
biological samples without the need for cold chain storage or processing.
o Bottleneck: Achieving maximized sensitivity and specificity for clinical use.

m Potential Solution: Development of biochemical assays that use synthetic
biomarkers resistant to degradation in harsh environments.

e Medium-term Milestone: Real-time metabolomic sensor arrays to monitor function in
real-time.
o Bottleneck: Limited selection of metabolic signals to sample.

m Potential Solution: Microchip arrays that can sense multiple signals and
black box models to interpret them (Luo et al., 2023).

o Bottleneck: Updated device technology and durability over time.

m Potential Solution: Durable wearables for metabolic monitoring capable of
software updates on long missions.

m Potential Solution: Engineered synthetic biology sensors embedded into
paper and textiles worn by astronauts that passively collect biochemical
data (Nguyen et al., 2021).

e Medium-term Milestone: Multi-biosensor system for biochemical surveillance that does
not require specialized equipment.
o Bottleneck: Visible wavelengths for colorimetric readouts are limited.

m Potential Solution: Machine processing of data with outputs delivered to a

wearable device.
e Medium-term Milestone: Wearable or implantable biosensors to continuously monitor a
range of metabolic markers, such as glucose and hormone levels.
o Bottleneck: Current monitoring of most metabolic markers requires blood draws
and ex vivo processing.

m Potential Solution: Monitor saliva or urine for biomarkers indicative of
abnormal organ function (e.g., ion fluctuations, urea or salt
concentrations).

o Bottleneck: Computational resources required for real-time collection and
analysis directly at point-of-care.

m Potential Solution: Pre-trained machine learning models for continuous
monitoring and feedback.
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e Medium-term Milestone: Specific biosensors capable of monitoring immune status of the
individual.
o Bottleneck: Complex manufacturing of biosensors for immune markers requires
resources currently only found on Earth.

m Potential Solution: Printable biomaterials based on DNA, proteins, or
bioplastics to manufacture biosensors in space.

m Potential Solution: Adaptable theranostic and diagnostic interventions to
immune responses of the host.

e Long-term Milestone: Biochemical sensors that monitor physiological baselines of
individuals over time to predict health concerns before clinical presentation.
o Bottleneck: Validation of prognostic biomarkers and extensive longitudinal
datasets to train Al models.

m Potential Solution: Enable use of smaller datasets to identify and validate
candidate predictive biomarkers.

o Bottleneck: Physiological and anatomical variation between astronauts often
prevents a standardized approach to correlating deviations with health concerns.

m Potential Solution: Continuously monitor physiological states of individual
astronauts prior to the space mission to create Al-generated digital twins.

e Long-term Milestone: Real-time monitoring of biological samples with in vivo and ex vivo
biosensors to predict and treat disease, infection, and other health outcomes in space.
o Bottleneck: Limited access to human samples (i.e., tissue, blood, urine).

m Potential Solution: Urine monitoring or engineered bacteria on skin to
report radioactivity response.

o Bottleneck: Biological samples are small and difficult to obtain for complete
metabolic panels to detect a wide range of metabolites.

m Potential Solution: Use multiplexed CRISPR-based diagnostics to detect
hundreds of metabolites simultaneously from a single clinical sample and
report results using fluorescent or biophysical indicators (Roh et al.
2023).

Breakthrough Capability: Rapid engineering of biology-based or -enabled diagnostics and
intervention decision-making.
e Short-term Milestone: High-throughput, small volume liquid handling that is robust,
reproducible, and requires minimal human intervention or troubleshooting.
o Bottleneck: Validation of fluidic behaviors and methods in microgravity
environments.
m Potential Solution: Utilization of dedicated suborbital or Low Earth Orbit
(LEO) precursor flights to validate handling and production.
m Potential Solution: Consult hardware providers that specialize in miniature
technology for precision diagnostics to adapt for microgravity.
e Short-term Milestone: Miniaturization and combination of sample processing,
metabolomic profiling, transcriptome and genomic sequencing, and Al/ML analysis.
o Bottleneck: Current accuracy and reliability of portable or handheld GC-MS/LC-
MS equipment hinders metabolomics.
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m Potential Solution: Continuous sequencing-based biosensing system for
biomarkers of potential disease.

m Potential Solution: Combine orthogonal biosensing systems into a single
surveillance system (e.g., biomarker for inflammation, infection, etc.).

o Bottleneck: Identification of specific metabolomic markers and integration with
other metrics that are prognostic and predictive of health outcomes.

m Potential Solution: Produce immunoassays specific for the most relevant
targets.

m Potential Solution: Create a compatible colorimetric assay to monitor
fluctuation of metabolites as biomarker of microbiome dysfunction.

o Bottleneck: One-dimensional binary analysis of current diagnostics approaches.

m Potential Solution: Integration and algorithm-based analysis using
personalized computational analysis of multiple data types that diagnose
and inform prognosis for personalized inventions.

e Short-term Milestone: Detection tools for monitoring foodborne, waterborne, and
airborne pathogens in the local environment (Patel, 2001; Clarridge, 2004).
o Bottleneck: Limited diagnostics and detection methods available in space.

m Potential Solution: Miniaturization of detection tools (i.e., LAMP
amplification, miniON) for immediate sampling and pathogen identification
in space.

e Short-term Milestone: Computational models of illness and injury that provide
therapeutic interventions based on disease severity and time course.

m Bottleneck: Limited understanding of therapeutic efficacy in space.

e Potential Solution: Compare model-based treatments for specific
illnesses in vitro and in vivo (e.g., rodent) models between
spaceflight and ground studies.

e Potential Solution: Compare studies conducted in microgravity
and on Earth to parameterize metabolic function during different
disease states and reverse vaccines to better predict outcomes in
humans (Thumsi et al., 2024).

e Medium-term Milestone: Cell-based methods for detection of stress hormones in blood
and tissue.
o Bottleneck: Selection and characterization of safe and easily detectable
biomarkers indicative of stress.

m Potential Solution: Cell- or molecular-based assays that can detect

stress-related proteins and enzymes in blood and tissue.
o Bottleneck: Accurate and adequate collection of blood and tissue samples.

m Potential Solution: Consistent time collections of blood and tissue
samples to reduce influence of circadian fluctuations on the level of stress
hormones.

e Medium-term Milestone: Modular or combined diagnostic biosensors to screen for
multiple pathogens or biomarkers in a single test.
o Bottleneck: Accurate and clear diagnosis of multiple outputs or output gradients.
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m Potential Solution: Regulation of biosensor signal processing and output
with downstream endogenous mechanisms without the need for
guantitative signal analysis.

m Potential Solution: Microfluidic devices or ML algorithms capable of
processing signals and providing clear and concise readouts.

e Medium-term Milestone: Genetically modify human cells or microbiota with feedback-
control genetic circuits that activate desired immune pathways in response to specific
diseases.

o Bottleneck: Individualized medicine specific per person.

m Potential Solution: Engineer stem cells for therapeutic intervention that
can adapt to an individual’s biological and immunological system to exert
desired effects.

e Long-term Milestone: Wearable sensors to provide real-time indicators of health risk.

o Bottleneck: Accuracy and sensitivity of data produced by sensors.

m Potential Solution: Personalized wearable devices capable of measuring
vital signs (e.g., heart rate, blood pressure, glucose levels).

m Potential Solution: Integrate multi-sensor arrays that can measure
multiple health parameters predictive of health risk (e.g., skin
temperature, sweat composition).

Goal: Rapid response to illness or injury.

Current State-of-the-Art: Engineering biology offers the opportunity to improve rapid response
to illness or injury in austere and low-resource environments like spaceflight. All therapeutics
currently used in flight are produced and prepackaged on Earth. Medicines must go through
prior testing and approvals before being certified for in-flight use (Blue et al., 2022). The
current medical kit for the ISS includes almost only small-molecule drugs but no currently
FDA-approved biologics or cell-based therapies (apart from natural antimicrobial peptides)
(NASA, 2019b). Difficulties predicting demand, efficacy, and storage complicate which
medications are reviewed and approved for spaceflight (Averesch et al., 2023). Many
therapeutics are rejected because of issues with short shelf-life (Lutzmayer, 2023); some
recent NASA studies have shown a longer shelf-life than those published for select drugs, but
the same challenges with storage and demand remain (Diaz et al., 2024). The current NASA
approach is to increase the stability of currently available drugs through advances in medical
packaging and storage to increase the shelf-life and stability (NASA OCHMO, 2023c).

Engineering biology offers a host of solutions to address the impacts of the space
environment on pharmaceutical longevity, including bio-based methods for mitigating
oxidation and radiation damage. Biologics for in-flight use must be able to remain stable for
long periods of time and be able to be rehydrated or (re)activated. A broad collection of
biosynthetic pharmaceuticals can also be developed on Earth with an initial focus on the least
stable compounds or those that require refrigeration. Biopharmaceuticals often utilize native
polypeptides with rapid enzymatic and metabolic degradation, leading to significantly reduced
half-lives. Lipidation techniques can further improve the stability and longevity of
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biopharmaceuticals (Bech et al., 2018). Recent research has also demonstrated the long-term
stability and enhanced resistance to extreme environmental conditions of material-based
stabilization techniques for synthetic extremophiles (Jimenez et al., 2024). Hydrogel-
encapsulated cell cultures may be used for on-demand production and long-term storage of
therapeutic-producing cell lines (Johnston et al., 2020). In addition, engineered microbial
consortia may be developed to act as storage systems for on-demand biosynthesis, with built-
in quality control and assurance testing (Chua et al., 2024).

The range of medications needed to sustain long-term space travel is too large to
prepare on Earth and would likely expire before use, so on-demand production is necessary
(Chua et al., 2024). Engineering biology presents the opportunity to optimize nucleic acid,
enzyme, and cell-free system platforms for use in low-resource environments, including the
development of efficient methods for bacterial and eukaryotic cell-free protein synthesis and
necessary co-factors, with an ultimate goal of cell-free production of ready-to-use
pharmaceuticals with minimal downstream processing. The functionality of in vitro cell-free
systems has been demonstrated on the ISS and can produce a variety of glycosylated
therapeutics, including antibodies, vaccine carrier proteins, and hormones (DeWinter et al.,
2023, Cai et al., 2015, Stark et al., 2021). In addition, microfluidic devices and scale-up
technologies (up to 100 L) have been developed for cell-free reactions (Timm et al., 2016,
Murphy et al., 2019, Cai et al., 2015, Zawada et al., 2022). Recent studies have demonstrated
the stability of lyophilized cell-free reactions (up to 18 months) and cell-free systems that have
undergone multiple freeze-thaw cycles (Rasor et al., 2023, Warfel et al., 2023).

Cell-based platforms can also be leveraged to offer solutions to some of these ‘on-
demand pharmaceutical’ challenges. Biological treatments (like antimicrobials) may be
produced and stored in cell factories. The identification of specific phages for bacteria and
viruses that commonly cause infections during space flight would catalyze advancements in
biologics therapeutics. For example, specific phages may be engineered to target pathogens
that don’t have natural phage predators or viral vectors may be engineered for drug/gene
delivery for infection control. Efficient and effective non-intravenous delivery methods for RNA
drugs (e.g., delivery via aerosolized drugs) and/or developing smart-targeting particles may be
able to deliver mRNA drugs to tissues selectively. And generation of allogeneic (‘off-the-shelf’)
human cells that can be administered to any person and show desired biological activity (e.qg.,
CAR-T cells that target a class of cancers) will further catalyze in-flight treatments.

Blueprints for pharmaceuticals may be stored in the form of transgenic organisms
(seeds/strains), purified DNA, or digital DNA sequences for on-demand synthesis. The
capacity to produce and purify small amounts of therapeutics on-demand has been
demonstrated through transient expression, for example, in plant-based platforms
(Venkataraman et al., 2023). There is also much opportunity for advancements in vivo, low-
cost, modular bioreactors for point-of-care production and purification of therapeutics (Perez-
Pinera et al., 2016; Adiga et al., 2018). At-scale bioreactor and purification processes must be
designed with consideration to environmental constraints of gravity, radiation, and
containment, as well as energy, mass, and volume limitations in low-resource or otherwise
constrained environments.
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Engineering biology also offers a host of solutions to improve hemostasis
management and wound healing in low-resource environments, through advancements in
biomaterials and bioactive products for emergency medicine. Biomaterial-based solutions
could include 3D-printed structures for casts, high-strength fibers such as natural and
bioengineered spider-silk, and biological polyesters (Averesch et al., 2023; Mulinti et al., 2021;
University of Applied Sciences Anhalt, 2020). Cellulose may also be produced and used for
bandages, sutures, or slings (Odermatt et al., 2012; Utsunomia et al., 2020). Precursors for
Nylons, Kevlar, and Vectran (liquid-crystal polymers) have been produced in plants and in
microbes, with further applications for biomaterials production (Averesch & Rothschild, 2019).
Genetically engineered protein-based adhesives could offer alternatives for wound healing
(Jeon et al. 2023). Natural pro- and anti-coagulants (e.g., activated protein C) can be
leveraged to treat thrombotic or bleeding emergencies from impaired blood flow or radiation
(White & Wenthe, 2023; Bansal et al., 2024; Griffin et al., 2015). In the long term, synthesized
treatments can be developed to instantly increase in vivo human production of hemostasis
and coagulation proteins to recover hemostasis and wound healing.

Breakthrough Capability: Long-term stability, storage, and quality monitoring of
biopharmaceuticals.
e Short-term Milestone: Low-resource stabilization (e.g., lyophilization, drying) and
rehydration of biologics through iterative testing for the duration of space flight missions.
o Bottleneck: Onboard infrastructure is insufficient for the storage and on-demand
rehydration of required components.

m Potential Solution: Modification of existing infrastructure or reprocessing
of waste from other orbital processes.

m Potential Solution: Production of biologics directly into gas or lipid
environments inside cellular compartments to facilitate downstream
isolation and preservation.

o Bottleneck: Lyophilized biologics lose activity during storage.

m Potential Solution: Identification of co-factors or cryoprotective
formulations that improve stability during lyophilization.

m Potential Solution: Include steps during sample preparation that minimize
activity loss.

m Potential Solution: Nanoparticle strategies to enhance analytical profile
index storage and improve pharmacokinetic stabilization properties in
space.

m Potential Solution: Use biological by-products and excipient production to
stabilize or shield existing therapeutics.

o Bottleneck: Limited information on medicine stability and degradation rates in
microgravity environments.

m Potential Solution: Test the ability of existing stabilization methods on bio-
derived medications to protect against excessive vibration and ionizing
radiation.
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e Medium-term Milestone: Engineer microbes or microbial consortia storage systems
capable of rejuvenation in space.

o Bottleneck: Optimal storage environments (i.e., temperature and humidity
control) to prevent undesired mutations or loss of diversity in microbial consortia
over time.

m Potential Solution: Efficient freeze-drying methods or protectant systems
for long-term storage at ambient temperature.

m Potential Solution: Engineer microbes with metabolic activity controlled
through rehydration or addition of a specific additive to promote desired
growth.

m Potential Solution: Engineer microbes to improve microdose storage and
recovery for efficacy of starter culture.

e Medium-term Milestone: Point-of-care quality control and assurance tests to assess
proper folding, glycosylation, and activity of manufactured or stored therapeutics.

o Bottleneck: Therapeutics act through a wide variety of mechanisms and
pathways that are not always conserved between hosts.

m Potential Solution: Identify conserved mechanisms or motifs for which
activity can be assessed across a variety of products.

o Bottleneck: Glycosylation is primarily assessed via gel-based methods.

m Potential Solution: Use mass spectrometry-based approaches or
glycoproteomics to provide data on molecular mechanisms of glycans.

e Long-term Milestone: Enable storage of complex cell factory systems (e.g., human or
plant tissue culture) for further on-demand biosynthesis.

o Bottleneck: Reviving functional and living plant and mammalian cells after freeze-
drying.

m Potential Solution: Engineer antifreeze proteins into cells to protect cells
from harmful effects of freezing.

e Long-term Milestone: Medical-grade responsive biomaterials to mitigate oxidative and
radiative degradation of biopharmaceuticals.

o Bottleneck: Effective degradation of bio-based encapsulations to release the
stored biopharmaceutical.

m Potential Solution: Programmable biopolymers that disassemble when
needed (Odermatt et al., 2012).

o Bottleneck: Decreased efficiency of biologics when exposed to galactic cosmic
rays (GCR) and solar particle events (SPE).

m Potential Solution: Quantitative analysis of the loss of activity and models
to appropriately modify dosage to account for the drop-in activity.

e Long-term Milestone: Long-term storage of pre-synthesized DNA on solid substrate
(e.g., paper strips) to enable rapid, cell-free synthesis of mMRNA.

o Bottleneck: High enough yields of DNA, mRNA, or protein from solid substrates
for viable use.

m Potential Solution: Engineer the substrate with properties that facilitate
easy release of biological compounds.
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Breakthrough Capability: On-demand bioproduction of small molecule pharmaceuticals.?

e Short-term Milestone: On-demand enzymatic semi-synthesis of prodrugs.

o Bottleneck: Variability of the shelf-life across different active ingredients.

m Potential Solution: Explore multi-step reaction cascades to enable
biochemical conversion from stable forms of prodrugs.

e Short-term Milestone: Demonstrate on-demand synthesis of pharmaceuticals in
lyophilized cell-free reactions in a single tube/pot or via purified enzymes (Korman et al.,
2014).

o Bottleneck: Components of cell-free extracts are often not recyclable.

m Potential Solution: Engineer systems that can use in situ resources to
regenerate energy, cofactor, and enzyme recycling.

o Bottleneck: Unwanted side-effects of antibiotics on cellular genome editing
mechanisms that alter synthesis of pharmaceuticals.

m Potential Solution: Engineer antibiotics with mechanisms of action that
target fatty acid and nutrient synthesis, the cell wall, or membrane
integrity (antimicrobial peptides).

m Potential Solution: Identify novel antibiotics with unique functions that can
be manufactured biologically in cell-free systems.

m Potential Solution: A stepwise system to separate enzyme synthesis and
therapeutic synthesis to prevent unwanted interaction effects.

o Bottleneck: Reproducibility of cell-free protocols due to unclear enzyme stability
and activity timelines.

m Potential Solution: Centralized production and packaging of modular cell-
free systems.

m Potential Solution: Extended stability tests of lyophilized cell-free
reactions in a variety of environments, especially those that mimic the
conditions found during space travel (Brookwell et al., 2023).

o Bottleneck: Limited availability of high-purity and -quality reagents (amino acids,
NTPs, PEP or 3PGA) for cell-free reactions in space.

m Potential Solution: Design an efficient cell-free system able to use lower
quality reagents.

o Bottleneck: Cell-free systems are unable to perform certain complex cellular
reactions due to the lack of critical membrane-bound organelles.

m Potential Solution: Modular design of cell-free systems and genetic parts
to function in cell-free or cell hosts.

o Bottleneck: Recycling and reuse of reagents and materials in cell-free systems.

m Potential Solution: Energy, cofactor, and enzyme recycling optimization,
sustainable for more than three years.

m Potential Solution: Engineer cell-free systems to efficiently extract critical
components from cells grown on board the spacecraft (Mullin et al.
2022).

2 Please see the Glossary for comparable definitions of “pharmaceuticals” and “biologics”.
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m Potential Solution: Additional techniques for screening for useful bacterial
and plant membrane proteins in cell-free transcription-translation.

e Medium-term Milestone: Production of therapeutics using transient expression in edible
plants.

o Bottleneck: Correct dosage and bioavailability for oral administration.

m Potential Solution: Develop high-throughput quantification methods to
provide pharmacokinetic information for optimal dosage of specific plants
and pharmaceuticals.

o Bottleneck: Availability of expression systems for biologics production in edible
plants.

m Potential Solution: Develop expression technologies and engineered
plants for safe consumption.

e Medium-term Milestone: Cell-free production of ready-to-use pharmaceuticals with
minimal downstream processing steps.

o Bottleneck: Immunogenicity from cell-free reactions.

m Potential Solution: Non-immunogenic cell-free systems or simple removal
of immunogenic compounds during downstream processing steps.

o Bottleneck: Purification of therapeutics from cell-free matrix.

m Potential Solution: Simplified, user-friendly, and modular protein
purification procedures based on enzymatic cleavage, microfluidics, resin-
exchange, etc.

e Medium-term Milestone: Engineer autotrophic microbes (e.g., cyanobacteria,
halobacteria) or bryophytes that can withstand high radiation for the production of
chemicals and pharmaceuticals (Averesch, 2021).

o Bottleneck: High mortality rate of photosynthetic microbes in extreme
environments (e.g., high radiation).

m Potential Solution: Engineer plant compounds in organs such as the cell
wall of mosses resistant to extreme environments.

e Medium-term Milestone: Regulate pharmaceutical release from organism or microbial
systems with endogenous mechanisms.

o Bottleneck: Certain microbial bioproduction pathways exist for the microbe’s
benefit and thus the products remain intracellular (i.e., lipids are naturally
produced as mechanisms of carbon storage when faced with low nutrients
(nitrogen, phosphorus).

m Potential Solution: Determine internal signaling mechanism that initiates
bioproduction and engineer control/switches or hijack signal.

o Bottleneck: Commonly used model species (e.g., Escherichia coli or
Staphylococcus aureus) have high water requirements and restrictive storage
conditions.

m Potential Solution: Leverage more robust, non-model organisms, such as
spore-forming bacteria, to increase effectiveness and efficiency.

e Long-term Milestone: Cell-free production of any pharmaceutical using DNA synthesized
and stored onboard the spacecraft.
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o Bottleneck: A limited number of DNA base pairs can be synthesized
consecutively

m Potential Solution: Harvest gene blocks from cell-based microsystems.

o Bottleneck: Oligonucleotide production requires large volumes of unsustainable
solvents that don’t make sense in compact environments (Andrews et al., 2020).

m Potential Solution: Cell-based production and purification of short oligos
for sequence amplification and purification of gene blocks (Elbaz et al.,
2016).

m Potential Solution: One-pot cloning techniques in the pipeline.

o Bottleneck: Drugs that require raw, organic materials, post translational
modifications, and purification for functional and safe use.

m Potential Solution: Recycling associated with environmental control and
life support systems that can break down organic compounds to raw,
organic materials.

m Potential Solution: Pair multiple production platforms in a modular manner
to enable production, post-translational modification, and purification of
desired therapeutics.

e Long-term Milestone: Library of genetic constructs for on-demand production of most
common small-molecules within appropriate chassis.

o Bottleneck: De novo DNA or RNA synthesis is resource intensive.

m Potential Solution: Develop phages to scale up and deliver nucleic acid

cargo to produce DNA, RNA, or protein biologics by a microbial chassis.
o Bottleneck: Nominal activity of higher organism derived enzymes for catalysis of
complex metabolic pathways in microbes.

m Potential Solution: Leverage developments in predictive structure
determination to engineer enzymes with desired catalytic activity.

o Bottleneck: Multiple chassis production organisms require specialized equipment
to produce and purify drugs.

m Potential Solution: Leverage export of microbial pathways to harvest
drugs from supernatants of active culture.

o Bottleneck: Limited number of resources are available aboard the spacecraft for
drug purification.

m Potential Solution: Develop non-toxic production hosts that produce
sufficient titer to minimize purification needs.

e |ong-term Milestone: Engineer heterologous production strains for major classes of
small molecule therapeutics (antibacterial, antifungal, anti-inflammatory agents, etc.) that
can be kept as lyophilic or freezer stocks in minute quantities for space flight
applications.

o Bottleneck: Limited storage available onboard the space station.

m Potential Solution: Design highly concentrated, lyophilized stocks of small

molecule therapeutics that can be diluted further upon use.
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Breakthrough Capability: On-demand production of biologics.?
e Short-term Milestone: Target human cells or tissues for genetic manipulation to enable in
vivo pathways for biologics production and therapeutic proteins.
o Bottleneck: Genetic manipulation is more difficult in some human cells or tissues
compared to others.

m Potential Solution: Screen human cells to determine specific phenotypes
that influence the capability of genetic manipulation.

o Bottleneck: Many tissues are not easily accessed with non-invasive delivery
methods (e.g., brain, marrow, etc.).

m Potential Solution: Aerosol delivery to the lungs with trafficking of
delivered virus to the tissue of interest or expression of tagged proteins in
epithelial lung cells that are then transported to different tissues.

m Potential Solution: Use of implantable scaffolds to deliver drugs (Kobsa &
Saltzman, 2008, Aurand et al., 2012).

e Medium-term Milestone: Robust control of infection with viral vectors optimized for
microgravity environments for drug and gene delivery in space.
o Bottleneck: Generation of neutralizing antibodies against the delivery vehicle
containing the drug in the human host.

m Potential Solution: Deliver the drug through a series of modular phage or
viral vectors to avoid adaptive immune effects of the host.

m Potential Solution: Rapid, lateral-flow based assays for neutralizing
antibodies to determine appropriate vehicle for use.

m Potential Solution: Customizable protein coronas that can sheath vehicles
to hide epitopes that would be recognized by host antibodies (Mahmoud
et al., 2023; Oh et al., 2018).

o Bottleneck: Rapid, single-step construction of stable viral vectors in space.

m Potential Solution: Cell-free production of viral particles that can be
produced in basic environments.

o Bottleneck: Persistence and stability of viral vectors in space habitat conditions.

m Potential Solution: Dose-time dependent testing of stability of viral
particles in space-like conditions.

m Potential Solution: Engineer viral vectors that remain stable and functional
when lyophilized and reconstituted.

e Medium-term Milestone: Protein-based biopharmaceuticals in viral vectors in space
(Petry et al., 2008; Sychla et al., 2024).
o Bottleneck: Large proteins can’t be packaged efficiently in a single viral particle.

m Potential Solution: Encode large proteins as split-inteins.

o Bottleneck: Serotype of viral vector could influence repeat-dosing or pre-existing
immunity on a patient-by-patient basis.

m Potential Solution: Characterize the antibody production capabilities of
astronauts to determine pre-existing immunities.

o Bottleneck: Varying expression levels of different protein biologics.

% Please see the Glossary for comparable definitions of “pharmaceuticals” and “biologics”.
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m Potential Solution: Combine multi-parallel reporter screens and machine
learning to determine gene expression levels of virus-encoded proteins.
e Medium-term Milestone: Microbes or plants able to produce common classes of shelf-
stable biologics, such as antimicrobials.
o Bottleneck: Many biologics require refrigeration for long-term storage.

m Potential Solution: Engineer antimicrobial proteins and other biologicals
encapsulated within protective microbial or plant polysaccharides (e.g.,
yeast capsules or plant seeds) to allow for storage at ambient
temperatures.

m Potential Solution: Produce antimicrobial peptides in plant plastids,
possibility to produce antimicrobial peptides on demand with the
advantage to be stored in a plant (Hoelscher et al., 2022).

e Medium-term Milestone: Allogeneic human cells with desired biological activity in any
host (e.g., CAR-T cells that target a class of cancers).
o Bottleneck: Long-term storage of the cell cultures from astronauts in space.

m Potential Solution: Develop capabilities for room temperature storage of
human cells and biologics.

o Bottleneck: Introducing the correct genetic maodifications to engineered cells to
perform desired biological activities.

m Potential Solution: Use systems modeling and Al/ML to predict the
necessary genetic modifications for the desired biological activity.

m Potential Solution: Strategic genome-scale perturbation experiments to
identify genetic maodifications that provide desired biological activities.

o Bottleneck: Monitoring and analysis of allogeneic cell safety.
m Potential Solution: Basic tests in humanized mice and clinical trials.
o Bottleneck: Injury repair and lack of regenerative medical care.

m Potential Solution: Allogeneic or autologous stem cell induction to repair
damaged tissue or organ.

m Potential Solution: Engineer harvested cells to revert back to stem or
pluripotent cells for self-repair.

e Medium-term Milestone: Selectable system for transient skin colonization by an
engineerable skin microbiome to combat infection or injury.
o Bottleneck: Safe and efficacious technology to modify skin microbiome.

m Potential Solution: Evaluate skin colonies in vitro and with animal models
before testing in humans.

e Medium-term Milestone: Selectable system for transient colonization of internal human
microbiomes (Gl tract, lung, vaginal, etc.) to address illness or infection.
o Bottleneck: Ensuring transient colonization without permanent changes to the
microbiome.

m Potential Solution: Engineer conditional circuits in microbial strains that
rely on the supplement of a specific prebiotic.

o Bottleneck: Treatment of illness or delivery of infection to specific organs or
tissues with minimal systemic exposure.
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m Potential Solution: Engineer organ-specific expression systems, based on
physiological cues or biomarkers, that can be activated only at the
designated organs.

m Potential Solution: Engineer microbes with biocontainment kill-switches
that are tissue-selective with apoptotic mechanisms activated in
alternative tissue or organ types.

e Medium-term Milestone: DNA templates for production of all biological World Health
Organization Essential Medicines relevant for space travel.

o Bottleneck: Limited materials and storage for engineered strains or DNA
templates in space.

m Potential Solution: Lyophilize microbial strains or utilize spore forming
strains that can be stored long-term and revived.

m Potential Solution: Leverage portable DNA synthesis machinery to
produce DNA templates.

e Long-term Milestone: Bacterial, living therapeutics capable of transient medicine
production and essential nutrients in the human body.

o Bottleneck: Harmful conditions from unwanted colonization of bacteria in closed
systems.

m Potential Solution: Engineer quorum-sensing system to program
colonization circuits in bacteria.

m Potential Solution: Use minimized or synthetic genome organisms
capable of close-loop programming.

m Potential Solution: Implement induced Kill-switches for all supplemented
microbes.

o Bottleneck: Delivery of sufficient amounts of bacteria without negatively
impacting native gut flora.

m Potential Solution: Better understanding of factors in bacterial colonization
and their interaction with gut microbiome.

e Long-term Milestone: Adoptive T-Cell therapies to improve wound healing (Adusei et al.
2021; Baker et al., 2023).

o Bottleneck: Limited understanding of tissue and immune T-cell interactions.

m Potential Solution: Perform in vivo and in vitro studies to examine T-cell
healing capabilities with various tissue types.

o Bottleneck: Selectivity of T-cell therapies to specific tissue types.

m Potential Solution: Engineer stable T-cells modulated to heal target tissue
types.

e Long-term Milestone: Transient viral delivery systems that are adaptable to various
conditions for the host (i.e., the duration of therapeutic delivery, titers of therapeutic
produced, side-effects in host cells, etc.).

o Bottleneck: Viruses that produce unwanted off-target or downstream effects in
host cells.

m Potential Solution: Engineer tissue-specific viruses that can induce
desired therapeutic outcome with minimal side effects.
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e Long-term Milestone: Strain-specific phage chassis to target bacteria that commonly
cause infections during space flight.

o Bottleneck: Unknown strain-specific phages for some bacterial species.

m Potential Solution: Deeper metagenomics or ML/AI processing to
understand the bacterial milieu.

m Potential Solution: Engineer phage specificity for bacterial species (Jia et
al., 2023).

o Bottleneck: Protection against accidental targeting from horizontal gene transfer
or homologous recombination events of phage.

m Potential Solution: Engineer phage chassis with orthogonal, non-natural
component to the specification protocol.

e Long-term Milestone: Selective delivery of mMRNA drugs to tissues with smart-targeting
particles.

o Bottleneck: Non-specific control of surface functionalization (i.e., low control over
ligand density, stoichiometry, patterning of multifunctional surfaces) of current
MRNA delivery platforms, such as lipid nanoparticles (Maeki et al., 2022).

m Potential Solution: Leverage evolved bacteria, viruses, and phage as
active drug delivery vehicles capable of selectively targeting specific cell
types and tissues.

m Potential Solution: Engineer bacteria, viruses, or phage with ligands to
mediate target recognition and uptake.

m Potential Solution: Control phage:virus aspect ratio to tune systemic
biodistribution within the body for enhanced tissue selectivity (Shukla et

al., 2015).
e Long-term Milestone: On-demand production of therapeutics within 24-hours in plant
hosts.
o Bottleneck: Purification of plant-derived molecules is challenging in space
habitat.

m Potential Solution: Engineer edible plants or part of plants for biomolecule

production to avoid downstream purification challenges.
o Bottleneck: Current expression and purification processes take about 10 days
once the desired growth stage is reached.

m Potential Solution: Engineer plants for increased productivity of
therapeutic.

m Potential Solution: Eliminate the requirement for Agrobacterium
infiltration.

m Potential Solution: Engineer a chromosome to carry the genes needed to
produce specific pharmaceuticals under induction conditions.

Breakthrough Capability: Cross-cutting and enabling technologies for on-demand bioproduction
of pharmaceuticals and biologics.
e Short-term Milestone: Portable DNA synthesis machines to enable Earth-to-
vehicle/habitat communicated synthesis.
o Bottleneck: Miniaturized enzymatic synthesizer not publicly available.
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m Potential Solution: DNA biobrick libraries in orbit for on-demand
production.

m Potential Solution: Develop a phage-dependent approach capable of
transfecting production strains of interest for overexpression of genes and
pathways.

m Potential Solution: Synthesis in cell-free systems to eliminate the need for
strain engineering and cloning.

e Short-term Milestone: Drop-in, freeze-dried replacements of standard biochemical and
biomolecular components (e.g., macromolecular sensors, thermo-stable enzymes) to
enable room-temperature biological sample processing.

o Bottleneck: Cold-chain requirement for sample processing workflows including
genetic sequencing and processing blood samples.

m Potential Solution: Lyophilize components to allow for better stabilization
at ambient temperatures.

e Short-term Milestone: Microfluidic and nanofluidic bioreactors that are functional in
microgravity.

o Bottleneck: Chromatographic separation and dose dispensing of on-demand
pharmaceuticals.

m Potential Solution: Automated and configurable end-to-end microbial
bioreactor with purification systems that are not product specific (i.e.,
enable affinity purification, tag cleavage).

o Bottleneck: High resource requirements of chromatographic separations.

m Potential Solution: Adapt self-cleaving inteins to function on triggers
outside of solution conditions.

e Short-term Milestone: Categorized common spaceflight ailments and associated
treatments.

o Bottleneck: Lack of access to space health and medicine data.

m Potential Solution: Develop databases (similar to NASA GenelLab)
containing information from current spaceflight health outcomes and
treatments.

m Potential Solution: Health data and biometrics combined with post-
mission medical follow up for ML-guided prediction of ailments.

e Short-term Milestone: Characterization of the adverse effects of microgravity on host
cells utilized for biologic production.

o Bottleneck: Lack of access to microgravity and reproducible methods to induce
and characterize biologic production.

m Potential Solution: Use AI/ML to analyze biological data from various
hosts in microgravity environments to improve performance predictability.

e Medium-term Milestone: Recycling of excess biopharmaceuticals excreted in waste
streams (e.g., insulin in urine).

o Bottleneck: Potentially toxic reagents excreted into waste streams from
bioproduction processes.

m Potential Solution: Microbes that sequester or degrade toxic wastes
leaving behind a more processable stream for recycling.
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e |ong-term Milestone: Reuse of source materials and reagents (NTPs, dNTPs, cofactors,
etc.) from bioproduction processes in space/low-resource settings.
o Bottleneck: Complicated purification of small molecules may limit isolation of
reagents from reactions.

m Potential Solution: Engineer biological production platforms capable of
taking in undefined or toxic feedstocks.

m Potential Solution: In vitro or in vivo platforms capable of regenerating key
cofactors and reagents without the need for external supplementation of
pure components.

o Bottleneck: Finite supply of element sources (e.g., carbon, nitrogen) in
biologically accessible formats.

m Potential Solution: Engineer microbes capable of extracting key element
sources from lunar or Mars regolith.

Breakthrough Capability: Advanced hemostasis management and wound healing.

e Short-term Milestone: Use of natural pro- and anti-coagulants (i.e., activated protein C,
(Griffin et al., 2015)) to treat thrombotic or bleeding emergencies from impaired blood
flow or radiation (White & Wenthe, 2023; Bansal et al., 2024).

o Bottleneck: Controlled delivery that ensures hemostasis.

m Potential Solution: Tissue- or cell-specific treatment to target affected
areas.

e Short-term Milestone: Successful whole blood transfusions during spaceflight using
transfusable artificial oxygen carriers or engineered blood product substitutes to replace
blood products (Cap et al., 2021).

o Bottleneck: Individuals have different blood types and will require different blood
product substitutes to prevent unwanted clotting.

m Potential Solution: Blood product substitute that could be universal for all
blood types.

e Short-term Milestone: Biomanufacturing of natural bioactive products effective for wound
dressing and healing, such as cell-free or microbial production of synthetic antibacterial
minerals to combat topical infections (Morrison et al., 2024).

o Bottleneck: Lack of data on bioactive products and their effectiveness for wound
dressing and healing that are possible to produce via bioengineered processes.

m Potential Solution: Screen library of bioactive products or protein
therapeutics, such as fibrin or fibrin-activating fibers, in mouse or
organoid model, to determine impact on coagulation and wound healing.

e Short-term Milestone: Engineered plants to produce effective bioactive products for
wound dressing and healing (Deng et al., 2022).

o Bottleneck: Plant-based expression requires downstream isolation and
purification of the bioactive products, preventing rapid response to wound
dressing.

m Potential Solution: Engineer leaves or other partial plant organs that
produce medicinal products to be applied directly to wounds.

Engineering Biology for Space Health 36


https://doi.org/10.1182/blood-2015-02-355974
https://doi.org/10.1161/ATVBAHA.123.318783
https://doi.org/10.3390/metabo14050245
https://doi.org/10.1097/ta.0000000000003248
https://doi.org/10.1038/s41598-024-52082-8
https://doi.org/10.1002%2Fjbm.b.35086

€ EBRC

e Medium-term Milestone: Biomaterials and hydrogels for optimal production and material

adaptation in spaceflight scenarios, to create a pipeline of first-aid and surgical supplies.
o Bottleneck: Fine control and tailoring of hydrogel structure and behavior.

m Potential Solution: Increased tunability and simplified adaptability of
medical polymers.

e Medium-term Milestone: Engineered liver cells to create blood proteins or blood-like fluid
on-demand.

o Bottleneck: Functional liver cells that can survive and function in a physiological
relevant environment.

m Potential Solution: Lab-on-a-chip testing with liver tissue cells in a
sustained environment similar to the human liver.

e Long-term Milestone: Ability to grow full or partial human skin from stem cells to treat
severe skin damage.

o Bottleneck: Stem cell differentiation and scaffolding is complex and slow.

m Potential Solution: Consortia capable of producing artificial extracellular
matrices or other scaffolds to enhance proliferation and growth of skin
cells.

e Long-term Milestone: Synthesized treatments to instantly adapt and enhance human
production of hemostasis and coagulation proteins to recover hemostasis and wound
healing.

o Bottleneck: In vivo production and delivery of coagulation proteins.

m Potential Solution: Engineer scaffolding matrices or mRNA therapies to

enhance production of clotting proteins (Cano-Garridoet al., 2022).

Goal: Engineering biology for long-term maintenance of health.

Current State-of-the-Art: Maintaining human health and well-being during long-term space
exploration will require maintaining the many tissues, organs, and systems of the human body
with very few resources while countering the negative effects of being away from Earth.
Engineering biology can help to maintain human microbiome systems, defend tissues against
radiation and the harmful effects of microgravity and confined spaces, and help to sustain
disease prevention and mitigation.

Recent advancements in living therapeutics research and the approval of various
medications has enabled successful gut microbiome modulation solutions, including those
from Vowst, Rebyota, and ZBiotics (Zhu et al., 2023; Cubillos-Ruiz et al., 2022; FDA, 2023;
Ferring Pharmaceuticals, 2022; ZBiotics, 2020). In situ engineering of the human microbiota in
their native systems (e.g., respiratory and gastrointestinal tracts) may be utilized to detect and
treat dysbiosis. Engineered probiotics and phages could be used “as needed” to engineer the
human microbiome to accomplish dynamic human physiological responses to health and
infection. Monitoring of the gut microbiome may also be used to predict treatment outcomes
(Lee et al., 2022). Baseline parameters must be established for human microbiome structure
and diversity during spaceflight conditions to better understand the composition, stability, and
evolution of the human microbiome in space conditions.

Engineering Biology for Space Health 37


https://doi.org/10.1016/j.biotechadv.2022.108032
https://www.fda.gov/news-events/press-announcements/fda-approves-first-orally-administered-fecal-microbiota-product-prevention-recurrence-clostridioides
https://www.ferring.com/ferring-receives-u-s-fda-approval-for-rebyota-fecal-microbiota-live-jslm-a-novel-first-in-class-microbiota-based-live-biotherapeutic/
https://zbiotics.com/?gvaid=CjsaCdDlARIsAGMR1RixghUQjuWARadhG2-dyV_IS3okdcB&okire=vanvaspo&polom=vasavaeilop2&casign=ganikvada&polent=ivaste&sca_ref=6434051.QRhoEI2zfY&gasm=banbikulop&gad_source=1&gclid=CjwKCAjwzIK1BhAuEiwAHQmU3nd57N6ptEw8jeAXLSAP9WperNx1_6aVuoBaRGaVkj0GC5laozzOLhoCej8QAvD_BwE
https://doi.org/10.3389/fimmu.2023.1158137
https://doi.org/10.1038/s41551-022-00871-9
https://www.fda.gov/news-events/press-announcements/fda-approves-first-orally-administered-fecal-microbiota-product-prevention-recurrence-clostridioides
https://www.ferring.com/ferring-receives-u-s-fda-approval-for-rebyota-fecal-microbiota-live-jslm-a-novel-first-in-class-microbiota-based-live-biotherapeutic/
https://patentimages.storage.googleapis.com/25/f5/29/4833cb76adc84b/US11975033.pdf
https://doi.org/10.1017/s1041610221000120

€ EBRC

Cellular-level radiation damage and genetic mutation pose significant risks to long-
term health outcomes, especially increased cancer risk. Engineering biology offers a variety of
solutions to protect against radiation damage, including the on-demand production of radiation
protection reagents, such as antioxidants like melanin or resveratrol, G-CSF (granulocyte
colony-stimulating factor), and entolimod (toll-like receptor 5 agonist). Biomaterials derived
from radiotrophic fungi or selenomelanin analogs may be used to shield against certain forms
of radiation. Eventually, improved human repair genes may be directly delivered and
implemented into a human host to improve DNA damaged by increased radiation (Beheshti et
al., 2021; Sakama et al., 2021).

Spaceflight causes changes in the mineral composition of the human body, including
decreased calcium absorption and altered phosphorus levels. Changes in the absorption and
excretion of magnesium, iron, and zinc also occur and hormone imbalances, including
testosterone, estrogen, are common. Reduced sun exposure often results in decreased
vitamin D levels (Dakkumadugula et al., 2023). Crewmembers aboard the ISS currently
maintain a highly regulated diet and strict exercise regime to reduce the impacts of the space
environment on the loss of bone and muscle density. Efforts to improve in-flight bone density
include the identification of bioprocesses and key enzymes that are responsible for bone
density maintenance, as well as potential drugs to mitigate osteoporosis and protect bone
density that are also good candidates for biomanufacturing (Yan et al., 2023). The use of
bioengineered materials and living biologic therapeutics may also help to prevent bone and
muscle loss (Chen et al., 2020).

Cell-based theranostics (i.e., integrated diagnostics and therapeutics) can be
developed for sustained, precision disease prevention, with applications in a wide variety of
disease treatments, including cancer, microbiome dysbiosis, autoimmune disease, and
metabolic disease (McNerney et al., 2021). Cell-based theranostics represent the next
generation of cell engineering in order to monitor and respond to the local disease state in
real time, creating a “smart” approach to treatment. Much of this work is quite nascent, but is
ideal for research and implementation for astronauts in space.

Maintenance of psycho-social well-being and performance is just as important as
physical health indicators. Engineering biology offers solutions to achieve this, including the
production of neuromodulatory molecules and therapeutics for use in the gut (Lynch & Hsiao,
2023; Gibbons et al., 2021). Plant and fungal antipsychotic compounds may also be produced
for use (Meade et al., 2022). The social and ethical considerations of this research should be
meaningfully incorporated and included at early stages of research. Research should be
cross-disciplinary and researchers should be trained to consider this from the start.

Breakthrough Capability: Maintenance of sufficiently diverse and stable human microbiomes.
e Short-term Milestone: Genetic toolkits and metabolic models for dominant commensal
taxa of human microbiota (e.qg., Escherichia coli, Enterococcus spp., Bacteroides spp.,
Cutibacterium) (Dukovski et al., 2021; Zampieri et al., 2023; Garcia-Jiménez et al.,
2021).
o Bottleneck: Selective genetic programming of specific microbes in a multi-
species community.
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m Potential Solution: Develop host-agnostic genetic engineering workflows
that retain specificity toward the designated strain (e.g., RNA-guided
CRISPR systems).

m Potential Solution: Bypass restriction-modification systems of each
microbe by prior modification of the DNA used for genetic manipulation
(Riley et al., 2023).

m Potential Solution: Incorporate additional selection strategies based on
the distinct bacterial cell membrane structure.

o Bottleneck: Difficult to build accurate models from microbes (or metagenomes)
with unknown function (Vanni et al., 2022).

m Potential Solution: New functional genomics approaches for rapidly
characterizing genes of unknown function.

e Short-term Milestone: High-throughput screening of important microbiota gene targets
with functional genomics technologies, including CRISPR libraries and transposons.

o Bottleneck: Delivery of CRISPR systems into non-model organisms can be
challenging.

m Potential Solution: Host-agnostic CRISPR screening platform for
important genes (e.g., mobile-CRISPRI system) (Banta et al., 2020).

e Short-term Milestone: Established baselines for the composition, stability and evolution
of the human microbiome (i.e., gut, skin, etc.) in space conditions (Mortazavi et al.,
2023; Tesei et al., 2022).

o Bottleneck: Collection and storage of microbiome samples during space flights.

m Potential Solution: A space-flight compatible microbiome analysis
platform based on novel sequencing technology, e.g., nanopore
sequencing.

m Potential Solution: Reference materials and calibrants for benchmarking
and validation of changes in microbial composition (e.g., Jackson et al.,
2024).

m Potential Solution: Study effects of space-specific stressors (e.g.,
microgravity, galactic cosmic radiation, etc.) that potentially select for a
simplified gut community.

o Bottleneck: Variance in microbiome influenced by food and nutrients consumed
by astronauts.

m Potential Solution: Establish a reference database with microbiome data
from multiple astronauts with different diets.

m Potential Solution: Study microbiome changes and dynamics from space
food consumption.

m Potential Solution: Produce probiotic or therapeutic Kombucha, yogurt,
kimchi, and other fermented foods in space.

e Medium-term Milestone: Robust methods for engraftment and maintenance of persistent
community levels of engineered microbes in diverse human environments.

o Bottleneck: Undesired or unexpected mutations in native microbes from the
environment, infection, or other perturbations.
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m Potential Solution: Create probiotic regimens for reestablishing a healthy
microbiome across all major microbiome sites.

m Potential Solution: An engineering platform for in vivo microbiome editing
to introduce healthy traits back into the microbiome.

e Medium-term Milestone: Biological reporters to quantify and detect abnormal fluctuations
in the microbiome communities (Stirling et al., 2020).
o Bottleneck: Certain locations in the body are more difficult to obtain a signal from
biosensors.

m Potential Solution: Utilize persistent biosensors (i.e., pigment production
or luminescence) that can be easily detected in saliva, sweat, or urine
samples.

m Potential Solution: Non-invasive reporters (e.g., magnetic proteins, gas
vesicles) that do not require sampling (Mimee et al., 2018, Hurt et al.,
2023).

o Bottleneck: Many metabolites of interest do not have associated regulators.

m Potential Solution: De novo design or directed evolution of transcription
factors or riboswitches.

m Potential Solution: Large-scale bioprospecting to identify response
regulators.

e Long-term Milestone: Human microbiota communities synthesized in situ to promote
astronaut health.
o Bottleneck: The health impact of specific microbiome compositions remains
unclear.

m Potential Solution: Monitor the human gut or skin microbiome (e.g.,16s
MinlON profiling) and correlate with key health indicators, including
caloric expenditure, bone density, radiation exposure, etc.

o Bottleneck: Real-time monitoring of microbiome composition.

m Potential Solution: Identify metabolic biomarkers with Al/ML for easy
sampling from human wastes, saliva, and urine.

m Potential Solution: Develop probiotic bacteria to monitor and respond to
undesired changes in the microbiome or general health status.

o Bottleneck: Delivery systems must be host specific and host selective.

m Potential Solution: Engineer co-opted lysogenic phage with host
specificity.

m Potential Solution: Genus-specific modification of common probiotics to
reduce host selectivity.

e Long-term Milestone: Engineered microbes to deliver specific and on-demand
treatments to dysbiosis.
o Bottleneck: Supplying microbes to the host could result in dysbiosis of certain
commensal microbes due to competition at a microbial community level.

m Potential Solution: Incorporate necessary members to the delivered
consortia to enable successful recovery of commensals or provide
suitable replacement variants.
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o Bottleneck: Limited understanding of the impact of microbial therapeutics on
long-term gut health on a personalized basis.

m Potential Solution: Engineer probiotics to sense and rapidly respond to
disease markers in the gut or skin environments.

e Long-term Milestone: Phage that optimize human microbiome to accomplish dynamic
human physiological responses to disease, infection, and other health outcomes.
o Bottleneck: Production of unwanted bacteria by phages that are not cleared by
the human host.

m Potential Solution: Design non-lysogenic phage to target potentially
problematic taxa.

m Potential Solution: Engineer phage lysogeny, reactivation and self-
destruction circuits dependent on quorum sensing or number of
replication cycles.

o Bottleneck: Selective delivery of specific genetic or metabolic programming to a
specific microbe in the community.

m Potential Solution: Engineer phage from natural lysogens to deliver a
genetic program.

Breakthrough Capability: Prevention and treatment of long-term, cellular-level radiation damage
and genetic mutation.
e Short-term Milestone: Defined baseline genetic parameters to track mutations.
o Bottleneck: Limited studies of microbial mutagenesis and response in relevant
microgravity conditions.

m Potential Solution: Conduct spaceflight experiments to examine real-time

or continuous genetic mutations caused by radiation.
e Short-term Milestone: On-demand production of radiation protection reagents (e.g.,
melanin, granulocyte colony-stimulating factor, entolimod, or resveratrol) as antioxidants.
o Bottleneck: Long-term production of protection reagents with a biomanufacturing
system in space.

m Potential Solution: Design radiation protection reagents based on a robust
commensal microbial strain capable of colonizing human skin to ensure
long-term effectiveness.

m Potential Solution: Transient production (agrobacterium-, viral-, biolistic-,
nanoparticle- mediated delivery) of compounds in plant systems for on-
demand use (Sukenik et al., 2018).

m Potential Solution: Develop biosynthesis of amifostine or other
radiochelators with microbial chassis during spaceflight (Singh & Seed,
2019).

m Potential Solution: Engineer microbiota expressing Tardigrade gene
proteins that upregulate specific DNA repair mechanisms in response to
radiation (Clark-Hachtel et al., 2024; Zimmer, 2024).

e Short-term Milestone: Radiotrophic fungi or selenomelanin analogs constructed or
embedded into biomaterials to protect against radiation (Cao et al., 2020).
o Bottleneck: Proper biocontainment solutions for radiotrophic fungi.
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m Potential Solution: Genetic kill switches that activate should the fungi
escape the material or desired biosystem.

o Bottleneck: Biomanufacturing of high radiation protection-per-mass molecules
while maintaining efficacy.

m Potential Solution: Engineer radiotrophic fungi with enhanced metabolic
efficiency.

m Potential Solution: Upregulate genes in selenomelanin or selenomelanin
analogues to increase production without increasing biomass.

e Medium-term Milestone: Efficient human DNA repair genes to repair the genome from
radiation damage.
o Bottleneck: DNA repair genes must respond to radiation.

m Potential Solution: Engineer Tardigrade or Ataxia Telangiectasia genes to
introduce damage suppressor proteins that protect DNA from radiation
(Clark-Hachtel et al., 2024).

e Long-term Milestone: Effective delivery of improved human repair genes and
implementation into human host.
o Bottleneck: Successful manipulation of somatic cells in tissue and organ systems
are difficult to manipulate (Haasteren et al., 2020).

m Potential Solution: Engineer human germline cells to improve delivery
vectors (e.g., adeno-associated viruses) (Haasteren et al., 2020; Saha et
al., 2021).

o Bottleneck: Genotoxicity and immunologic response to gene-editing technologies
and delivery vectors.

m Potential Solution: Administer immuno-suppressants when implementing
gene-editing tools.

m Potential Solution: Utilize non-biological delivery methods, such as gold
nanoparticles, to mitigate immunological response from the host.

Breakthrough Capability: Prevention and reversal of bone density loss.

o Short-term Milestone: Produce drugs that can protect bone density in host

(micro)organisms compatible with spaceflight.
m Bottleneck: In silico modeling platforms can require expert programming
knowledge of data that may not exist because of space context.
e Potential Solution: Test biological systems for effective production
of candidate drugs (e.g., for osteoporosis) in space (Xiong et al.,
2022; Asclepios, 2024).

o Short-term Milestone: Identification of key enzymes and bioprocesses associated
with bone density maintenance that are downregulated or damaged in
microgravity.

m Bottleneck: Lack of relevant biological samples from astronauts during
space flight to screen for bone density-related enzymes.
e Potential Solution: Identification of bone mass-related biomarkers
and physiological conditions that can be screened via urine,
saliva, blood, or other relatively non-invasive methodologies.
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o Short-term Milestone: Living biologic therapeutics to prevent bone loss as an
alternative to daily vigorous exercise (Mulinti et al., 2021; Seely et al., 2021).

m Bottleneck: Limited known compounds and biosynthetic pathways with
bone loss prevention activity.

e Potential Solution: Identify candidate therapeutics capable of
preventing bone loss from other medical studies irrelevant to
space flight.

e Potential Solution: Utilize AI/ML models to suggest suitable
biosynthetic pathways for drug candidates of bone loss
prevention.

m Bottleneck: Delivery of therapeutic or restorative proteins and
biomolecules to bones.

e Potential Solution: Targeted microbiome engineering for micro-
and macronutrient production in situ.

e Potential Solution: Gut or skin microbiome that release therapeutic
compounds in response to bone loss.

Medium-term Milestone: Optimized enzymes engineered to improve biomineralization.
m Bottleneck: Indirect bioprocesses cannot reverse the bone density loss
caused by lack of muscular and skeletal resistance in microgravity.

e Potential Solution: Improved monitoring of diet and nutrient intake
to remove nutrient deficiency and bioprocesses from contributing
factors.

e Potential Solution: Develop directly endogenous or exogenous
active modalities to enhance bioprocesses.

o Long-term Milestone: Inducible capacity to mitigate osteoporosis without harmful
side effects (such as continued bone density increases above baseline,
particularly when subjects return to Earth gravity).

m Bottleneck: Direct enhancement of bioprocesses for osteoblast
recruitment, osteoclast aversion, and biomineralization.

e Potential Solution: Bone-specific expression or delivery of
osteoblast promoting or osteoclast inhibiting factors (e.g., RANKL
activates osteoclasts).

Breakthrough Capability: Prevention and reversal of muscle loss.
e Short-term Solution: Neuronal activation of muscles during sleep with muscle stimulator
or therapeutic that activates lower motor neurons or their receptors in muscle tissue.
o Bottleneck: Identification of physical or genetic targets for neuronal activation in
muscle tissue.
m Potential Solution: Genomic and proteomic studies to identify targets and
inform strategies for modification of heuronal motor circuits.
m Potential Solution: Targeted activation of acetylcholine receptors in
neuromuscular junction (e.g., Nicotinic Acetylcholine Receptor agonists).
e Medium-term Milestone: Personalized diet (e.g., amino acid profiles, hormone
supplements) to support muscle deposition without adverse complications.
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o Bottleneck: Human metabolism and muscle deposition is complex and involves
many interacting variables.

m Potential Solution: Engineer personalized supplements based on
metabolic needs of the individual.

e Long-term Milestone: Molecular simulation of the biochemical response to exercise in
muscle tissue with biologics or biologically produced pharmaceuticals.
o Bottleneck: Satisfying specific protein and nutrition requirements needed to
maintain muscle mass.

m Potential Solution: Inducible overexpression of a suite of synthetic muscle
growth proteins in nutritional sources to meet specific metabolic
requirements of each individual.

e Long-term Milestone: Muscle-targeted expression or delivery of myosin, actin, or other
activating molecules.
o Bottleneck: Targeted expression and delivery to skeletal and cardiac muscle
tissue, without influencing other tissue and organ systems.

m Potential Solution: Tissue-specific delivery of biomolecules that enhance
muscle growth (Kobsa & Saltzman, 2008).

m Potential Solution: Engineer enzymes that inhibit Adenosine Triphosphate
(ATP)-dependent proteases responsible for disuse atrophy.

Breakthrough Capability: Robust, cell-based theranostics (integrated diagnostics and
therapeutics) for sustained, precision disease prevention.
e Short-term Milestone: In silico techniques and open-source platforms to design and
optimize precision medicine and live biologic therapeutics.

o Bottleneck: Sufficient data collection to parameterize personalized models.

m Potential Solution: Open source, free access platforms for submission of
(depersonalized, HIPPA compliant) individual subject data.

o Bottleneck: Current computational modeling software for applications in drug
discovery does not incorporate complex membrane structures for cell-based
therapeutics.

m Potential Solution: Expand current modeling software to allow for larger
protein structure modeling.

o Bottleneck: Machines with high-processing capabilities and high-resolution
graphics are required to run useful software applications (e.g., Molecular
Dynamics, GROMACs or NAMD simulations).

m Potential Solution: Develop a ML algorithm to analyze and overlap the
trajectories and molecular dynamics of different components of the whole-
cell based device to reduce atom per simulation.

e Short-term Milestone: Suitable host chassis for human cells or microbiota to implement
living therapeutics.

o Bottleneck: Limited genetically tractable hosts for engineering sensing and
therapeutic production capabilities.

m Potential Solution: Develop genetic toolkits for screening and modulation
of individual members within the gut microbiome.
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m Potential Solution: Engineer food-associated or known probiotic strains to

ensure transient colonization and defined therapy duration.
o Bottleneck: Instability of engineered living therapeutics in microgravity and high
radiation environments.

m Potential Solution: Engineer biocontainment strategies (i.e., kill switches)
to prevent mutation of genetic programs.

m Potential Solution: Genetic engineering technologies to enhance stability
and resilience of biologics in microgravity.

m Potential Solution: Integrate additional DNA repair systems from tolerant
microbes to prevent mutations from extreme and continuous radiation
exposure (Puig et al., 2021).

e Medium-term Milestone: Human or human microbiota chassis that can sense and
respond with therapeutics release to a range of relevant environmental conditions at
clinically relevant concentrations.

o Bottleneck: Lack of biosensing data across various growth stages, population,
and environmental conditions.
m Potential Solution: Research to build a database of chassis at different
environmental conditions and concentrations.

e Medium-term Milestone: Microbial living therapeutics capable of transient medicine

production and essential nutrients in the human body.
o Bottleneck: Susceptibility of microbial communities to invasion by foreign
microbes.
m Potential Solution: Map potential environmental microbes and interactions
with engineered microbial consortia.
m Potential Solution: Use minimized or synthetic genome organisms
capable of close-loop programming.
m Potential Solution: Engineering robust kill switches (Cas9, synchronized
lysis circuits, quorum-sensing) in bacteria (Chan et al., 2016; Din et al.,
2016).
o Bottleneck: Underdeveloped strategies to mitigate diseases caused by possible
mutations of engineered microbes from spaceflight and radiation
m Potential Solution: Incorporate genetic circuits and kill switches to sense
and eliminate the mutated microbes.

e Long-term Milestone: Remote user control of behavior and therapeutic actions of

engineered cells.
o Bottleneck: Current technology for fully-remote control of cellular behavior is
extremely limited.
m Potential Solution: Implement laboratory techniques for cellular control
(e.g., optogenetics, sonogenetics, and magnetogenetics) into clinical and
space settings.
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Breakthrough Capability: Engineering biology opportunities to promote long-term psycho-social
well-being and performance.
e Short-term Milestone: Production of neuromodulatory molecules in gut microbiome
members at clinically relevant concentrations.
o Bottleneck: Identify suitable gut microbiome members for genetic engineering
and pathway implementation.
m Potential Solution: Leverage microbiome species known to produce
mood-altering neuromodulators (Lynch & Hsiao, 2023; Gibbons et al.,
2021).
e Short-term Milestone: Relevant biological responses to heuromodulatory molecules
produced by the gut microbiome at clinically relevant concentrations.
o Bottleneck: In vitro testing of biological responses of gut microbiome in a
physiologically-relevant environment.
m Potential Solution: Dosage experiments with a lab-on-a-chip device that
enables the gut microbiome to stay intact.
e Medium-term Milestone: Production and use of plant and fungal antipsychotic
compounds in space.
o Bottleneck: Changes in properties of antipsychotic plants and fungi in a
microgravity environment.
m Potential Solution: Produce and store plant and fungal compounds on
Earth to bring to space.
o Bottleneck: Unknown effects of these compounds and edibles on astronauts.
m Potential Solution: Regular mental and physiological assessments on
astronauts to determine effects.
e Long-term Milestone: Establish persistent neuromodulatory therapeutic production in gut
microbiome members and identify factors affecting the longevity of engineered functions.
o Bottleneck: Potential for commensal or symbionts to over-colonize or out-
compete natural microbes.
m Potential Solution: Utilize non-colonizing organisms.
o Bottleneck: Precise dose control across dynamic growth phases and population
levels.
m Potential Solution: Implement feedback control mechanisms to regulate
bacterial growth, population size, and environmental drug concentration.
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Food & Nutrition

Introduction and Impact: Optimized food and nutrition systems are essential for maintaining
human health, particularly while operating under the severe environmental and physiological
conditions presented in space. The Food & Nutrition theme focuses on opportunities to leverage
engineering biology to enable further exploration by enabling on-demand nutrient production,
optimizing food crop production, and increasing food stability and palatability.

Currently, most food available in space is pre-prepared, prepackaged as meals similar to
the “Meals, Ready to Eat” (MRE) used by the military, with a few modifications (Kumar &
Gaikwad, 2023; Lewis, 2023). Because of anticipated space restrictions, long-term missions will
require in situ production of food, as opposed to pre-made meals. Engineering biology also
enables the opportunity to extract nutrients or transform used materials and wastes into food
and nutrition products; while not glamorous, this capability brings us closer to circularity in space
travel. Techniques for on-demand biosynthesis can be leveraged to produce micro- and
macronutrients in-flight or at-destination. Organisms can be engineered for optimized nutrient
density and small-scale biomanufacturing, and 3D-printing technology leveraged to produce
food. To make this a reality, we need to develop autonomous, continuous, and adaptable
bioreactors for nutrient production that function in microgravity environments, which also have
value in other onboard bioprocessing.

Growing traditional food crops in space is an area of active research (see, for example,
NASA'’s Veggie System; NASA, 2019c); however, onboard agricultural capabilities must be
expanded for long-term mission success. While future advancements in engineering biology
could potentially enable total nutrition through microbial systems, growing plants in space
provides valuable psychological and emotional stimulation, in addition to better understanding
the biological underpinnings of life on Earth. Engineering biology can enable advanced crop-
support biosystems, such as more complete soils and rhizosphere-plant interactions, that
account for the stressors of space environments, microgravity, and flight limitations. Plants may
also be engineered to grow more efficiently, such as increased biomass or adaptation for
hydroponics, have improved nutrient content and density under these conditions, and be more
resistant to radiation, pathogens, and environmental perturbations.

Diversity of flavors and the palatability of food is crucial to appease personal and cultural
preferences. However, microgravity impacts the perceived taste and texture of most food items
and creative engineering biology solutions can help to satisfy individual preferences while still
abiding by safety standards. Engineering biology presents the opportunity for improved food
textures through the use of recombinant plant platforms, precision fermentation, and 3D-
bioprinting. Enzyme catalysis and fermentation techniques can generate unique flavor and smell
compounds to complement pre-packaged rations and counter changes in taste caused by the
spaceflight environment. The environmental conditions of space travel, including prolonged
storage and exposure to radiation, degrade nutrients and present challenges in long-term food
preservation (Zwart et al., 2009; Pittia et al., 2023). Engineering biology can help to stabilize
food biology and can be leveraged to generate coatings, materials, and other biobased
packaging to support long-term storage and preservation of food (and food precursors, such as
seeds and cell lines), while maintaining freshness and mitigating nutrient and flavor loss.
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Goal

Breakthrough Capability

On-demand micro- and macro-nutrient production.

Milestone

On-demand and in situ biosynthesis of labile micronutrients.

Optimized microbial synthesis
platforms for labile micronutrient
production.

Enzyme-based biochemical reaction
pathways for critical vitamin synthesis
from shelf-stable pro-vitamin
intermediates, towards in situ vitamin
synthesis.

Assembly of critical pathways for
microbial micronutrient production,
intracellular storage, and secretion.

Bioreactor-ready cells, including
bacteria, fungi, plant, and mammalian
cells, for food production to additionally
synthesize bioavailable micronutrients
for nutritionally more complete food.

Engineer plants as a recombinant
protein expression platform.

Engineered human gut microbiome
with capability to digest/process food
into specific micronutrients.

Transient production of terminal
enzymes to facilitate labile vitamin
(e.g., Vitamin C) production in human
cells.

Nutritionally-dense fungi and microbes biosynthesized as primary food sources.

Engineered microbial production
of major nutritional components,
including fiber, polysaccharides, fats.

Characterize nutrient content of
autotrophic microbes.

Determine bioavailability and nutrient
profiles for microbes that could grow
on electricity or Hz, CO2, other Cl
substrates, intermediates derived
from those substrates like acetate
or ethanol, or other atypical carbon
sources, such as biodegradable
plastics, arrested anaerobic digestate
(VFAs), or other waste-carbon.

Tailored autotrophic microbe single-
cell protein production with added
nutritional value, such as Omega-3

fatty acids.

Define the nutrient composition
requirements to target for microbial
food sources for: (i) human
consumption, and (ii) augmentation
of other living systems on spaceflight
(plant or insect).

Short-term

Engineering Biology for Space Health

Engineered consumable microbes
with enhanced nutritional value,
including increased vitamin content
and altered amino acid profiles.

Engineer increased nutrient fluxes in
microbes.

Enable in situ removal of toxins and
antinutrients in microbial foods.

Engineer controlled morphology
of autotrophic microbes and
microbiomes to produce structured or
3D-printed foods.

Tailor microbial cell factories to funnel
metabolic flux and adjust composition
profile for suitable ratio of starches,
fats and proteins for human
consumption.

Medium-term

Automated growth, downstream
processing, and packaging of
microbial products for ease of micro-
and macro-nutrient consumption.

Long-term
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Optimized cell lines from traditional food sources for macronutrient production.

Attain optimal growth of animal
(bovine, poultry, fish) cells in
minimal media, this may include the
development of multi-organismal
systems of phototrophs and
heterotrophs that will sustain the
protein production.

Production of cultivated meat from
immortalized animal cells using
specialized growth media intended
for application in low-resource
environments.

Functional microbial protein
production determined by
physiological needs during travel.

Assembly of critical pathways for
optimal carbohydrate, fat, and protein
production, intracellular storage, and
secretion in stem cell lines.

Engineer “metabolically minimalist”
cell lines which focus metabolism
solely in relation to macronutrient

production and storage, cell growth,

and flavor optimization, as opposed
to cellular functions originally related
to animal tissue health.

Engineer animal and plant cells to
grow on Hz, COz, or electricity.

Adaptable, self-driving continuous bioreactor technology for diverse macronutrient production.

Engineer sensors that can identify
variability in feedstocks for both macro-
and micro-nutrients.

Workflows to capture bioreactor data
and build artificial intelligence (Al) that
can integrate with control systems on
bioreactors with robotic arms.

Short-term

Bioreactor biosensors that can detect
early stress indicators for adaptation of
process conditions.

Biosensors to identify variability
in feedstocks for both macro- and
micronutrients and early stress
indicators to allow for adaptation
of process conditions and control
systems.

Modular downstream processing units
that can be integrated with bioreactors
on an as-needed basis.

Efficient bioprocesses with zero
waste, including recycling of water
and excess nutrients and minimal

energy requirements.

Medium-term

Measurement of unstable metabolites
in real-time.

Create new, and enhance existing,
mathematical models for use in
model-based biocontrol processes.

Self-cleaning and water recycling
capabilities which minimize cross-
contamination.

Consortia engineering to maximize
production goals.

Low-mass, low-energy, automated
growth and processing of biomass
into final food form that is significantly
nutrient-dense.

Advanced culture methods that include
solid-state fermentation and biofilters.

Long-term
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Optimized food crop production.

Highly-efficient and controllable biosystems for food crop growth and development.

Characterization of the interactions
between plants and microbes under
microgravity and partial gravity
conditions.

Identified molecular circuits and
genes that underlie known symbioses
between plants and beneficial
(nutrient fixing) microbes.

Crop-specific exudate compounds to
control rhizobiome composition and
the abundance of target beneficial
strains.

Automated adaptive laboratory
evolution (ALE) tools for engineering
of photosynthetic microbes,
particularly cyanobacteria and algae,
for space environmental conditions
(e.g., toxins, sulfur, iron, magnesium,
high CO2 concentrations).

Genetic systems for controlling
rhizobiome symbionts scope for
growth and preferred niche space.

Support crop growth with synthetic
soil or rhizosphere microbial
consortia.

Plant-microbe symbiotic pairings
to alleviate the need for nitrogen
fertilizers.

Plant-microbe symbiotic pairings, such
as epiphytic bacteria, to reduce abiotic
stress.

Fungal or mycorrhizae communities for
resilient, sustained, carbon-negative
food and nutrient production.

Biomaterials that support growth
and maintenance of nitrogen-fixing
bacteria.

Beneficial microbes that protect
plants from pathogens.

Resilient, continual plant-microbiome
consortium for optimized space crop
production.

Biosensors that continuously monitor
and report plant health and needs
(water, nutrients, etc.).
Biosensors that continuously monitor
and report plant health and needs
(water, nutrients, etc.).

Precision agriculture with
miniaturized, automated farming
machines for onboard plant health
detection.

Optimized plant architecture and growth for space flight and habitation conditions.

Targeted plant varieties for compact
growth spaces in microgravity
environments.

Engineered food crop roots suited for
hydroponic and aeroponic growth.

Engineered plants to recycle human
occupancy waste.

Engineered plants that grow on
fermentation intermediates.

High-nutrition crop species optimized
for closed environment agriculture
(CEA).

Short-term

Robust food crops tolerant to
increased radiation of off-planet
environments.

Food crops with high tolerance to
increased planting densities while
maintaining high harvest indices.

Additional plant varieties for closed-
environment agriculture (CEA),
particularly those with cultural

significance.

Food crops with minimal media
requirements to reduce excess weight
added to vessels by plant growth
supplies.

Genetic tools to engineer food crops
ideal for microgravity environments.

Medium-term

Sustainable food crop ecosystem
with various identified and cultivated
plant species and plant-associated
microbial communities suitable for
space flight.

Plants that can efficiently pollinate
and produce seeds and fruits in the
spaceflight environment.

Engineered plants and crops that can
grow on planet regolith.

Long-term
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Engineered food crops with high nutrient biomass, high harvest index, pathogen resistance, and short

harvest time.

Germplasm repository improvement

q : ¢ Targeted genome editing in crop

d‘?n pan—genc?n:e sequencing o plants to enhance post-harvest
iverse potgntla crops t.o support stability and palatability.
genome-wide association study

(GWAS)-like analyses.

Crop varieties with complete

micronutrient profiles for human ; i
Edible plant parts with enhanced support ~ Combine all space-flight
micronutrients. : enwronrnentgl services prov@ed by
plants into five or fewer species of
Crops with high harvest index and short plants.
harvest time.

Cultivated food crops with enhanced

Plants with edible organs and tissues
resistance to pathogens.

optimized for space flight that are
compact, nutrient-dense, and mature
quickly.

Increased palatability and stability of food.

Biobased platforms for engineering structure and composition of on-demand foods.

Precision fermentation or plant
recombinant protein expression Scalable approaches that enable 3D
platforms to generate precisely- . ; structuring of lab-grown meats.
corriiallEe) Gl e s, Biomanufactured matrices thaF add
structure and texture to 3D-printed

foods, for a range of food types.
Scalable approaches to cultivate

Synthetic microbial consortia that
adipose tissue from mammalian cells.

produce edible, 3D structures
mimicking familiar foods.

Foods with specified texture profiles.

Defined range and importance of : e :
texture profiles required for long-term Adv_ap;ement n .e>.<|st|ng technlca_l
happiness for clear engineering goals. capabllltlgs .for additive mgnufacturlng

or 3D-printing of textures in foods for
space application.

Process engineering to generate

a variety of desired textures that

improve palatability; for example,
engineering more surface area for
spice deposition, popping bubbles,

Optimized engineering biology-
etc.

enabled texturizers (such as additives
or coatings) that are lightweight, low

Molecular gastronomy methods cost, compact, and ideally nutritionally

that are achievable in low-resource

dense.
settings, including microgravity and
below low Earth orbit environments.
Short-term Medium-term

Long-term
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Foods with specified flavor profiles.

Characterized metabolic pathways Complex flavor profiles from microbial
for fats and off-flavors produced by strains using multi-circuit or multi- Microbes that use waste-stream
laboratory cultured foods. pathway engineering. feedstocks to produce space-flight
relevant flavors and fragrances.
Enzyme-based biochemical reaction Flavor compounds engineered to
pathways for flavor compounds. respond to altered tasting capacity.
Portfolio of flavors optimized for
Removal of metabolic pathways that ; PETOAMERNES 17 e a.nd Iow—'g.rawty
Encapsulation of flavor and fragrance to or altered atmospheric conditions
produce off-flavors and smells from . ) ) o
be released at the time of consumption. available to all space missions.

fermentation hosts.

Stabilized crops and food sources.

Identified genes responsible for
radiation tolerance tested in crops for

environmental protection. L Multi-generational crop propagation
Replacement of error-prone replication : L . :
with minimal genetic mutations or

machinery with higher-fidelity enzymes henotvoic fluctuati f
Assessment of the evolutionary in space crop genomes. ety ol U.C URILIAS 1ot St
capacity and risk of engineered related environmental factors.
microbes in the microgravity
environment.

Biobased food preservation.

Biological materials synthesized in
situ for food preservation during plant
Commensal bacteria modified for growth or processing of foods. A space ecosystem of commensals
the production of preservative, and crops that provides adequate

antimicrobial, or biocoatings on food food supply for human survival for 2+

substrates. Engineered yeast cells for encapsulation years.
of bioactive compounds in food
products
Short-term Medium-term Long-term
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Goal: On-demand micro- and macro-nutrient production.

Current State-of-the-Art: Optimized macro- and micro-nutrient production is essential to
improving and expanding human capabilities in resource limited environments (Smith et al.,
2021). For spaceflight, crewmembers are currently prescribed a diet with a macronutrient
composition of 55% carbohydrates, 30% fat, and 15% protein, based on the World Health
Organization’s energy requirement predictions for moderately active persons (Baba et al.
2020). No macronutrients (proteins, fats, carbohydrates) are currently produced during
spaceflight, and all food and dietary supplements are prepared and packaged on Earth.
Leveraging engineering biology, we can optimize biological platforms for the on-demand
production of micro- and macronutrients.

Currently, biological and chemical synthesis methods are used to produce a range of
micronutrients. Recent advancements in biosynthetic pathway engineering in plants and
microalgae have resulted in the production of a-tocopherol, 3-carotenes, and provitamin D3
(Lietal., 2022). The production of vitamin K and 3-carotenes through microbial fermentation
has also been explored (Yuan et al., 2020). Leveraging microbial cell factories and metabolic
engineering, precision fermentation is capable of nutrient production with high yield and purity
(Chai et al., 2022). Plant recombinant expression platforms, capable of protein, and small
molecule production, can also be utilized (Kulshreshtha et al., 2022). The human microbiome,
particularly the gut, may also be engineered to improve nutrient absorption and digestion
processes. Production of Vitamin B within the gut microbiome has been demonstrated, but
further research is needed (Albert et al. 1980). The BioNutrients Flight's first-generation small-
scale bioreactor experiment produced various micronutrients, including beta-carotene and
zeaxanthin (Keller, 2023a; Ball et al., 2021). The next generation tested four additional
organism types for the production of carotenoids, follistatin, yogurt, and kefir products (Keller,
2023a).

Starch and sugars have been synthesized from carbon dioxide using whole-cell
catalysis, cell-free techniques, and algae with higher efficiency than plants (Nangle et al.,
2020; Cai et al., 2021; Zhang et al., 2021). Alternative proteins and single-cell proteins (SCP)
can be efficiently produced with microbes at a high rate and yield with much lower resource
input (e.g., direct utilization of COy) (Sillman et al., 2019; Marcellin et al., 2022; Graham &
Ledesma-Amaro, 2023). Bovine, chicken, and fish cells may also be optimized for growth in
minimal media, with the ultimate goal of producing meat from immortalized cells using
specialized growth media tailored to low-resource environments. Stem cell lines are an ideal
source for on-demand food generation, but there are some limitations. Maintenance of stem
cells requires specific cytokines and substrates that are not currently well defined. The
production of stem cells in space is being actively researched through the ongoing Stellar
Stem Cells Mission 1, aimed at evaluating the potential benefits of microgravity on the cellular
reprogramming process (Svendsen et al., 2024). Identification and deeper understanding of
the critical pathways that create micronutrients, flavor, carbohydrates, fats, proteins, and
intracellular storage will further catalyze advancement in this space.

Current needs for advancement and increased circularity include engineered
organisms for the production of both micro- and macronutrients, utilization of renewable
feedstocks (including CO, packaging waste, inedible plant components, and human waste),
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and specialized bioreactors for stable and continuous high-yield production. Due to limited
physical space and resources, processes must be optimized to be as efficient and circular as
possible. Ideally, waste processors would provide feedstocks compatible with food production
systems. Improvements in sensing and monitoring, including real-time measurements of
metabolites and engineered sensors that identify any variability in feedstocks, are also
needed. Automated growth, downstream modular processing, and packaging of microbial
products for consumption will advance the production and utilization of nutrients in low
resource environments. Improved methods of bioreactor data collection are needed to better
inform mathematical modeling, workflows, and Al.

Breakthrough Capability: On-demand and in situ biosynthesis of labile micronutrients.
e Short-term Milestone: Optimized microbial synthesis platforms for labile micronutrient
production.
o Bottleneck: Microbial synthesis requires storage of microbes and feedstocks,
which are limited in space habitats.

m Potential Solution: Engineer tractable microbes capable of metabolizing
more readily-available alternative feedstocks, including
supplemented/transformed regolith, organic waste-streams, and carbon
dioxide (COy).

o Bottleneck: Carbon content gradually declines due to microbial growth and
metabolism.

m Potential Solution: Utilize or engineer in carbon-conserving metabolic
pathways that can function in various microbes (Bogorad et al., 2013;
Westenberg & Peralta-Yahya, 2023).

e Short-term Milestone: Enzyme-based biochemical reaction pathways for critical vitamin
synthesis from shelf-stable pro-vitamin intermediates, towards in situ vitamin synthesis.
o Bottleneck: Enzymes corresponding to such bioconversion might be unstable
through spacecraft launch or extended environmental exposure.

m Potential Solution: Shelf-stable cell-free protein/enzyme synthesis
platform and shelf-stable DNA template for in-space production of
enzymes.

e Medium-term Milestone: Assembly of critical pathways for microbial micronutrient
production, intracellular storage, and secretion.
o Bottleneck: Ability to engineer multiple pathways in a single organism is limited
due to missing pathway components.

m Potential Solution: Develop a bioinformatic platform that identifies
necessary pathway components missing in the chassis of interest.

m Potential Solution: Utilizing a division of labor strategy to engineer
microbial consortia for synthesizing repertoire of nutrients in a single
system.

o Bottleneck: Ability to predictably engineer pathways is challenging due to lack of
rapid, real-time feedback of metabolic flux with a spatial component (e.g., cell-
type or subcellular localization for multi-cellular systems).
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m Potential Solution: Systems biology and modeling approaches for rational
pathway engineering in candidate systems for space flight bioreactors.

e Medium-term Milestone: Bioreactor-ready cells, including bacteria, fungi, plant, and
mammalian cells, for food production to additionally synthesize bioavailable
micronutrients for nutritionally more complete food.

o Bottleneck: Bioreactor currently used on Earth might not work in microgravity
habitat.

m Potential Solution: Design new aerobic continuous bioreactors with
nanobubble functionality that can function in a microgravity environment
specific to the spaceflight (Adam et al., 2020; Granata et al., 2021).

o Bottleneck: Increased metabolic demand may decrease growth rate, particularly
if multiple pathways are introduced or induce undesired mutations making
engineered lines useless.

m Potential Solution: Select and engineer fast growing microbes or
consortia that have native pathways for micronutrient synthesis and thrive
in continuous fermentations.

m Potential Solution: Embedding quality control of strains as part of
sustainability via transcriptomics during long space flights.

o Bottleneck: Pathway introduction may introduce new byproducts with different
taste or potential toxicity.

m Potential Solution: Metabolomics before and after modification to identify
differences in outputs and process byproducts.

m Potential Solution: Models of cellular processes to predict unwanted
metabolites.

m Potential Solution: Divide micronutrient engineering between different
strains.

e Medium-term Milestone: Engineer plants as a recombinant protein expression platform.

o Bottleneck: Plants take a long time to grow and produce edible structures (i.e.,
fruit, large roots, and leaves).

m Potential Solution: Engineer and cultivate fast growing plants like
duckweed (Liu et al., 2020).

m Potential Solution: Co-design plants and controlled-environment growth
systems to maximize rapid vegetative growth (Mortimer & Gilliham, 2021).

m Potential Solution: Use transient expression systems such as engineered
plant viruses to produce recombinant proteins.

e Long-term Milestone: Engineered human gut microbiome with capability to
digest/process food into specific micronutrients.

o Bottleneck: Gut microbiome is a very complex and dynamic system and would be
challenging to sustain a specific species composition.

m Potential Solution: Creation of modular microbial guilds that enable stable
assembly of microbial communities that retains function although specific
species composition may vary (Burke et al., 2011).
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m Potential Solution: Assemble microbial ingestible and engraftable
communities with comprehensive metabolic output based on the known
food loaded at the start of the mission.

e Long-term Milestone: Transient production of terminal enzymes to facilitate labile vitamin
(e.g., Vitamin C) production in human cells.
o Bottleneck: Human cell modification, to incorporate these engineered enzymes,
remains challenging, both technically and ethically.

m Potential Solution: Engage multidisciplinary teams to explore regulatory
pathways for further human system engineering specific to space
exploration.

o Bottleneck: Engineering human somatic cells usually require specific engineering
for each individual and would take a long time to make each variant.

m Potential Solution: Engineer a universal cell-line that can be implanted on
any individual, like as a skin patch, for nutrient microproduction
(Rothschild et al., 2021).

Breakthrough Capability: Nutritionally-dense fungi and microbes biosynthesized as primary food
sources.

e Short-term Milestone: Engineered microbial production of major nutritional components,
including fiber, polysaccharides, fats.

o Bottleneck: Microbes do not have the necessary pathways to produce either the
polymeric forms or the necessary precursors.

m Potential Solution: Engineer microbial strains with synthetic metabolic
pathways and enzymes to produce the necessary precursors and
polymeric forms of fibers, polysaccharides, and fats, potentially using
adaptive laboratory evolution and high-throughput screening to optimize
and select efficient microbial producers for 3-D bioprinting of on-demand
foods.

e Short-term Milestone: Characterize nutrient content of autotrophic microbes.

o Bottleneck: Algal species contain many different types of nutrients. Some
nutrients’ concentrations are low and hard to be extracted and quantified.

m Potential Solution: High-throughput and highly sensitive LC-MS tools to
screen and quantify nutrient compounds.

o Bottleneck: Metabolomics databases do not capture the majority of microbial and
plant metabolites.

m Potential Solution: Systematically characterize metabolomes of plant,
microbe and microbial communities.

m Potential Solution: Leverage a publicly-accessible organism-agnostic
metabolomics database.

e Short-term Milestone: Determine bioavailability and nutrient profiles for microbes that
could grow on electricity or H,, CO», other C1 substrates, intermediates derived from
those substrates like acetate or ethanol, or other atypical carbon sources, such as
biodegradable plastics, arrested anaerobic digestate (VFAS), or other waste-carbon
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feedstocks (Kerckhof et al., 2021; Barbosa et al., 2021; Ismail et al., 2024; Marcellin et
al., 2022; Hann et al., 2022; Mishra et al., 2024).

o Bottleneck: CO: fixation can be very slow leading to slow biomass accumulation.

m Potential Solution: Engineer microbes for gas fermentation that utilize
CO; from waste materials providing additional nutrients to generate
protein (Liew et al., 2022; Marcellin et al., 2022; Molitor et al., 2019).

o Bottleneck: RuBisCO, which fixes CO., is inefficient and trades off activity for
specificity (activity on O leads creates a toxic product which requires energy to
detoxify, reducing yield).*

m Potential Solution: Resurrect ancestral RuBisCOs evolved for low oxygen
environments with much higher activity. Optimize oxygen levels for plant
cultivation to improve crop yield. Create chimeric rubisco with associated
accessory programs to more efficiently screen O, binding (Lin et al.,
2022).

m Potential Solution: Directed evolution of RuBisCO. (Schuliz et al., 2022)

m Potential Solution: Employ CO; concentrating mechanisms to increase
RuBisCO activity (Elamholz et al., 2020) and generation of carbonic
anhydrase (Reginato et al., 2023).

m Potential Solution: Generative Al-improved RuBisCO (Eisenstein, 2023)

e Short-term Milestone: Tailored autotrophic microbe single-cell protein production with
added nutritional value, such as Omega-3 fatty acids.

o Bottleneck: To be viable in space, these bioprocesses will need to use alternative
feedstocks.

m Potential Solution: Utilization of different waste streams for nitrogen
fixation or concurrent with CO fixation.

e Short-term Milestone: Define the nutrient composition requirements to target for
microbial food sources for: (i) human consumption, and (ii) augmentation of other living
systems on spaceflight (plant or insect).

o Bottleneck: Microbial food sources may contain toxins (e.g., microalgae produce
cyanotoxin).

m Potential Solution: Screen for toxins and toxic byproducts and engineer
strains deficient in such compounds without compromising growth.

m Potential Solution: In-depth genomic characterization of potential
microbial food sources.

m Potential Solution: Detoxify microbe-derived byproducts with post-
production treatment of microbial fermentation in vitro.

e Medium-term Milestone: Engineered consumable microbes with enhanced nutritional
value, including increased vitamin content and altered amino acid profiles.

o Bottleneck: Metabolic burden on microbes, particularly cellular byproducts
(toxins, anti-nutrients, imparting a change in flavor).

4 For more, see Breakthrough Capability: "Improve CO- uptake by engineering more efficient

photosynthetic organisms (plants, algae, cyanobacteria)." in EBRC’s Engineering Biology for Climate &
Sustainability (EBRC, 2022).
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m Potential Solution: Focus strain design on addressing macronutrients that
are inaccessible or difficult to access via plant-based food sources, e.g.,
fats, simple carbohydrates, and proteins.

m Potential Solution: Specialize strains for production of specific
macronutrients.

e Medium-term Milestone: Engineer increased nutrient fluxes in microbes.

o Bottleneck: Directing flux toward increased nutrient production can limit microbial
growth.

m Potential Solution: Characterize energy conservation pathways used by
the organism to inform metabolic engineering strategies.

m Potential Solution: Focus on engineering microbes with naturally high flux
toward desired product.

e Medium-term Milestone: Enable in situ removal of toxins and antinutrients in microbial
foods.

o Bottleneck: Separation and purification of nutrients from other compounds can be
difficult and resource intensive.

m Potential Solution: Engineer algae to extracellularly produce nutrients.

m Potential Solution: Systems biology research to identify and engineer
enzymes and pathways that produce toxins and antinutrients in
organisms of interest.

e Medium-term Milestone: Engineer controlled morphology of autotrophic microbes and
microbiomes to produce structured or 3D-printed foods.

o Bottleneck: Quorum sensing (QS) systems will need to be altered or deleted for
many of the species involved.

m Potential Solution: Construct de novo QS systems for orthogonal and
programmable cell-to-cell communication.

m Potential Solution: Design specific communities as planktonic or biofilm
based on production need.

e Medium-term Milestone: Tailor microbial cell factories to funnel metabolic flux and adjust
composition profile for suitable ratio of starches, fats and proteins for human
consumption.

o Bottleneck: Single strain tuning and maintaining specific ratios of
products/compounds is challenging.

m Potential Solution: Enable technologies to adjust starch, fat, and protein
ratios in post-processing.

e Long-term Milestone: Automated growth, downstream processing, and packaging of
microbial products for ease of micro- and macro-nutrient consumption.

o Bottleneck: Stability of microbes, consortia, and microbial products remain
challenging during space flight without temperature control.

m Potential Solution: Focus on microbes that are capable of surviving under
harsh conditions (e.g., endospore forming) so that it can be stored on the
shelf.
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m Potential Solution: Engineer microbes to remain stable under dehydrated
conditions (e.g., introduce sporulation in model microbes that usually do
not readily form spores).

o Bottleneck: Rejuvenating microbes during spaceflight requires a controlled
environment to mitigate spillage/contamination to other areas.

m Potential Solution: Install biocontainment circuits to all space-flight
microbial products for conditional rejuvenation.

o Bottleneck: Consumption of microbial byproducts could lead to adverse effects
on human health.

m Potential Solution: Isolate common undesired components from the
microbial products using space-flight-compatible downstream processes.

m Potential Solution: Engineer novel microbes that contain reduced
common byproducts that are known to have adverse effects on human
health so that downstream processing is simplified.

Breakthrough Capability: Optimized cell lines from traditional food sources for macronutrient
production.

e Short-term Milestone: Attain optimal growth of animal (bovine, poultry, fish) cells in
minimal media, this may include the development of multi-organismal systems of
phototrophs and heterotrophs that will sustain the protein production.

o Bottleneck: Availability of cell lines that are capable of using non-traditional
mammalian cell culture media.

m Potential Solution: Engineer stem cell lines/culture environment capable
of routine maintenance in low gravity environments.

m Potential Solution: Genetic engineering of endogenous expression of
growth factors to stimulate cell expansion (Stout et al., 2024).

m Potential Solution: Optimizing cell lines to grow both in low gravity
situations in addition to creating non-adherent conditions (Lee et al.,
2016; Pasitka et al., 2023).

e Short-term Milestone: Production of cultivated meat from immortalized animal cells using

specialized growth media intended for application in low-resource environments.
o Bottleneck: Chemically-defined media is necessary for each cell line.
m Potential Solution: Al-based methods for media optimization (Nikkhah et
al., 2023).
m Potential Solution: Simplify growth media to have minimal components
(Skrivergaard et al., 2023; Miti¢ et al., 2023; Messmer et al., 2022).
o Bottleneck: Traditional growth media is weight-volume prohibiting for space flight,
especially if the media cannot be desiccated and then dissolved.
m Potential Solution: Engineer in vivolin situ production of growth factors
that have traditionally been added to the media.
m Potential Solution: Growth media that can be recycled by replacing
specific elements, thus increasing the efficiency of cell growth to media
weight/volume (Good Food Institute, 2024; Stout et al., 2023).
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m Potential Solution: More efficient solid-state fermentation systems to
produce food using less water.

m Potential Solution: Engineer photosynthetic microbes to produce
macronutrients from recycled waste materials.

e Short-term Milestone: Functional microbial protein production determined by
physiological needs during travel.

o Bottleneck: Understanding of relevant protein expression and mixed protein
production for complete nutrition in microbes that matches those of animal
proteins.

m Potential Solution: Identify nutritional needs during travel and engineer
microbes that satisfy those protein needs.

e Medium-term Milestone: Assembly of critical pathways for optimal carbohydrate, fat, and
protein production, intracellular storage, and secretion in stem cell lines.

o Bottleneck: Ability to predictably engineer multiple cellular pathways at once is
limited due to poor understanding of sink-source relationships, missing pathway
components and a limited ability to get rapid, real-time feedback of metabolic flux
with a spatial component (e.g., cell-type or subcellular localization for multi-
cellular systems).

m Potential Solution: Engineer optimal stem cell lines for each nutrient
production pathway to be processed together in a balanced way to form
dietary components.

m Potential Solution: Systems biology and modeling approaches for rational
pathway engineering.

e Long-term Milestone: Engineer “metabolically minimalist” cell lines which focus
metabolism solely in relation to macronutrient production and storage, cell growth, and
flavor optimization, as opposed to cellular functions originally related to animal tissue
health.

o Bottleneck: Essentially requires redesigning metabolism and other functions in
cells.

m Potential Solution: Mathematical models that enable in silico
characterization of principal nutritional requirements that enable flavor
profiling by shaping lipid and carbohydrates content such as the
previously developed for algae (Li et al., 2023; Li et al., 2019; Zufiiga et
al., 2018).

e Long-term Milestone: Engineer animal and plant cells to grow on H,, CO,, or electricity.

o Bottleneck: Cells grown in gaseous environments that can safely and efficiently
produce macronutrients.

m Potential Solution: Optimize metabolic pathways of animal and plant cells
to convert H,, CO,, and electricity to nutrients.

m Potential Solution: Engineer electro-genetic systems which control cell
fate by electric currents (Huang et al., 2023).
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Breakthrough Capability: Adaptable, self-driving continuous bioreactor technology for diverse
macronutrient production.®
e Short-term Milestone: Engineer sensors that can identify variability in feedstocks for both
macro- and micro-nutrients.
o Bottleneck: Chemical composition measurements of feedstocks are currently
done in batch mode.

m Potential Solution: Continuous measurement systems for multiple
feedstocks, including gaseous feedstocks.

m Potential Solution: Continuous measuring of waste process products to
maximize recycling of nutrients and minerals for microbial and plant
growth.

o Bottleneck: Measurements of micronutrients and micro-toxins at very low
concentrations is challenging, especially in a turbid background.

m Potential Solution: Continuous measurement systems for multiple
feedstocks, including gaseous feedstocks.

m Potential Solutions: Engineer cell-based electronic devices (biohybrid
sensors) to monitor target nutrient components.

e Short-term Milestone: Workflows to capture bioreactor data and build artificial
intelligence (Al) that can integrate with control systems on bioreactors with robotic arms.
o Bottleneck: Bioreactor (meta)data is small and complex (numeric, images,
comments, etc.).

m Potential Solution: Robust workflows to capture substantial bioreactor
data from government funded research to teach Al methods that can be
applied in space.

e Medium-term Milestone: Bioreactor biosensors that can detect early stress indicators for
adaptation of process conditions.
o Bottleneck: Challenge of measuring Intracellular changes of bioreactor contents
in real time.

m Potential Solution: In-line sampling and lysing to measure intracellular
metabolic activity in microfluidic devices.

m Potential Solution: In-line Raman spectroscopy (or other analytical
techniques) or quantum sensing for cellular and metabolite fingerprinting.

e Medium-term Milestone: Biosensors to identify variability in feedstocks for both macro-
and micronutrients and early stress indicators to allow for adaptation of process
conditions and control systems.

o Bottleneck: Empirical data collection under a variety of conditions for sensor
validation, calibration, and fingerprinting; potentially requires a number of
multiplexed sensors.

5> Enabling bioreactor technologies for space travel would have numerous applications, including and
beyond nutrient and food production. While we highlight milestones towards bioreactor design here, these
advancements have benefits and value to other Breakthrough Capabilities and Milestones throughout this
roadmap.
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m Potential Solution: Use of ML and Al to improve data collection, analysis,
and predictions.

m Potential Solution: Identify the key processes and steps that can serve as
a minimal but representative detection suite.

e Medium-term Milestone: Modular downstream processing units that can be integrated
with bioreactors on an as-needed basis.
o Bottleneck: Efficient downstream processing of multiple molecules or compounds
at low volumes.

m Potential Solution: Versatile downstream processing equipment, including
tangential flow filtration in microgravity, that can be modular and switched
in and out as needed.

o Bottleneck: Requirement for entirely new or unique downstream processing unit
design due to the space environment (i.e., low pressure, low gravity, etc.).

m Potential Solution: Development of downstream modules simultaneously
with the development of the bioreactor.

m Potential Solution: Fermentation technology with reduced downstream
processing (e.g., self-precipitation and -separation).

e Medium-term Milestone: Efficient bioprocesses with zero waste, including recycling of
water and excess nutrients and minimal energy requirements.
o Bottleneck: Current bioprocesses generate substantial waste, especially in the
form of contaminated water.

m Potential Solution: Robust microbes, such as halophiles, that can thrive in
otherwise suboptimal bioreactor conditions.

m Potential Solution: Continuous bioprocess with feedback data analysis
and ML to understand exact nutritional needs of microbes, for precise
media constitution to minimize contaminants in resulting spent media.

m Potential Solution: Rapid monitoring of byproducts and excess nutrients
with regulated offtake and inputs as a result.

m Potential Solution: Faster solid-state fermentation to reduce water usage.

o Bottleneck: Current bioprocesses are conducted with suspended cells that
require mixing with aeration in large volume reactors.

m Potential Solution: Biofilm-based processes to obtain desirable food
textures along with the necessary macro- and micronutrients.

m Potential Solution: 3D-printed edible matrix that supports food cell growth
and maturation, to obtain required food textures and structures.

e Long-term Milestone: Measurement of unstable metabolites in real-time.
o Bottleneck: Current measurements involve pre-determined samples of known
molecules with established standards.

m Potential Solution: Engineer in vivo biosensors for metabolites, such as
ribozyme switches.

m Potential Solution: Identify and measure molecules at nanomolar range.

e Long-term Milestone: Create new, and enhance existing, mathematical models for use in
model-based biocontrol processes.
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o Bottleneck: Currently, insufficient data exists to properly parameterize model-
based biocontrol processes.

m Potential Solution: The integration of machine learning with bioprocess
modeling and parameter estimations.

e Long-term Milestone: Self-cleaning and water recycling capabilities which minimize
cross-contamination.
o Bottleneck: Current sterilization methods involve high temperatures, pressures,
and an acid or base.

m Potential Solution: Engineered microbial community that can survive
contamination-related perturbations.

m Potential Solution: Application of extremophiles into volatile bioprocesses.

e Long-term Milestone: Consortia engineering to maximize production goals.
o Bottleneck: Lack of control over community composition.

m Potential Solution: Leverage mobile gene elements to achieve functional
stability while the microbial community composition shifts over time.

m Potential Solution: Engineer the spatial characteristics of microbial
communities, including through encapsulation or use of solid phase
bioreactors.

o Bottleneck: Underutilization of quorum sensing tools and capabilities.

m Potential Solution: Use quorum sensing-based systems to monitor
community composition in real-time and respond to optimize
environmental conditions.

m Potential Solution: Consider other tools, such as engineered genetic
circuits to respond to environmental changes, that utilize native metabolic
pathways to allow microbes to better adapt to diverse bioprocess
conditions.

o Bottleneck: Some species are dominant in terms of growth but are less beneficial
overall to the consortia.

m Potential Solution: Identify quorum sensing molecules, measure them at
low concentrations, and control their concentrations to manipulate
community behavior as needed.

m Potential Solution: Use engineering biology methods to modify quorum
sensing circuits to introduce novel behaviors and activities (for example,
to synthesize other signal molecules or bioproducts of relevance in situ).

m Potential Solution: Engineer individual species and strains to proliferate in
a predicted and reproducible way.

e Long-term Milestone: Low-mass, low-energy, automated growth and processing of
biomass into final food form that is significantly nutrient-dense.
o Bottleneck: Processing raw materials into food is energy intensive (Good Food
Institute, 2024).

m Potential Solution: Engineering fermenting microbes that produce in situ
enzymes that aid the transition from raw material to food form under low
energy conditions and in high yield.
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e Long-term Milestone: Advanced culture methods that include solid-state fermentation
and biofilters.
o Bottleneck: Sensitivity of eukaryotic cells to mass transfer limitations.
m Potential Solution: Adaptation/evolution of fungal species for similar
applications.
m Potential Solution: New solid-state fermentation bioreactor design and
optimizations with small-scale footprints.

Goal: Optimized food crop production.

Current State-of-the-Art: Healthy and sustainable sources of food are essential to maintain
crew health and safety on long-term missions. Furthermore, food systems must demonstrate
high useability and reliability. The vast majority of food onboard the International Space
Station (ISS) is currently prepackaged on Earth and delivered for reheating. Through
engineering biology, biological processes can be leveraged as a mechanism for improved
plant growth, resulting in optimized food crop production in austere environments.

There are a variety of plants grown onboard the ISS for experimentation purposes
consisting of at least 40 different species, twelve of which are leafy greens (Johnson et al.,
2021). Similarly, the most common indoor food crops grown on Earth are vegetables, herbs,
tomatoes, and microgreens (Ampim et al., 2022). NASA maintains two permanent growth
facilities aboard ISS, the Veggie Vegetable Production System (Veggie) (Bunchek et al.,
2024; Khodadad et al., 2020) and the Advanced Plant Habitat (APH) (Monje et al., 2020).
Veggie is less controlled and open to cabin air, whereas APH is highly controlled and
managed. Following extensive safety testing completed in 2015, astronauts are now permitted
to consume a very small portion of the plants grown on board (mostly lettuce, arugula, and
chilies), although most are still reserved for experimentation (Sable et al., 2016). A larger
growth facility is currently under development, OHALO IIlI, and is the first crop system
specifically designed for a Mars transit vehicle (NASA Techport, 2024). Other currently funded
projects include MarsOasis, an Efficient Autonomously Controlled Martian Crop Production
System, Microgravity Investigation for Thin Film Hydroponics, ARC Centre of Excellence in
Plants for Space, and EDEN ISS.

Engineering biology can rapidly develop plants optimized to thrive in a controlled
environment, whether on Earth, in transit vehicles, or in habitats, offering a host of solutions
for the optimization of indoor and Closed Environment Agriculture (CEA) and vertical farming
(VF) (Benke & Tomkins, 2017). VF and CEA systems on Earth are also great comparative
systems for space crop production as they have similar goals of high efficiency, low water
usage and recycling, and autonomous growth. Controlled environments are fixed growth
conditions, more akin to the laboratory and providing intrinsic containment, enabling a route to
on-Earth commercialization for these types of technologies. Automated systems for the
growth and maintenance of organisms would further improve onboard agricultural capacity,
including the maintenance of plant health and stress detection.

Plants and microbes demonstrate beneficial symbiotic relationships on Earth (Harman
et al., 2021). Further understanding and identification of the specific microbes that drive these
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interactions and how these relationships would potentially function under microgravity and the
stressors of space flight would catalyze engineered solutions. Improved symbiotic pairing
through engineering biology has the potential to reduce the need for fertilizers and reduce
abiotic and biotic stressors of spaceflight environments. Engineered soil microbial consortia
that are resilient and self-propagating may further improve plant growth in microgravity
(Santomartino et al., 2023). Tool sets, like molecular plant breeding, CRISPR, site-directed
nucleases, and Automated Adaptive Laboratory Evolution (ALE), may be used to engineer
photosynthetic organisms to survive in microgravity.

The identification of additional plant species compatible with compact growth systems
(or capable of genetic modification toward this aim) would further expand potential space
crops. It is important to find the balance between time, effort, and resources necessary to
domesticate a plant that may meet the nutritional or culturally necessary needs of a space
traveler, with the value of engineering those potential traits into a currently utilized (already
domesticated) plant (Rech & Arber, 2013). Gene circuit engineering can be leveraged to
improve and optimize plant root growth, structure, and nutrient and water uptake in
microgravity, where water uptake is a challenge (Castaion, 2022). Plant pillow technology
has partially solved this problem, but hypoxia, drought, and water creep remain present and
have the potential to lead to disease. Metabolic pathway engineering can be leveraged to
allow seedlings optimized for growth in non-traditional media to thrive in low-light conditions
(Service, 2023). Meanwhile, advancements in LED technology, namely defined wavelengths,
limited heat production, and reduced power consumption, have increased plant production
capabilities in controlled settings (Ma et al., 2020).

Plants may also be engineered to improve the nutrient density of edible parts and
create crop varieties that provide complete nutrition. Targeted genome engineering of plants
could enhance or expand the micronutrients food crops could provide, tailored to the needs of
astronauts. Additionally, food crops can be engineered to be more efficient, with higher
harvest indices and shorter time-to-harvest. Finally, onboard plants can also be engineered
for pathogen resistance and post-harvest stability, to ensure both long-term agriculture system
and human health.

Breakthrough Capability: Highly-efficient and controllable biosystems for food crop growth and
development.®
e Short-term Milestone: Characterization of the interactions between plants and microbes
under microgravity and partial gravity conditions.
o Bottleneck: Limited understanding of how beneficial and pathogenic microbes
interact with plants in microgravity and partial gravity environments.
m Potential Solution: Perform plant-microbe interaction studies in spaceflight
and on ground-based spaceflight analogs at a range of actual or
simulated g-forces.

6 This Breakthrough Capability focuses on opportunities to engineer the growth environment and
conditions, including plant associated microbiomes, rather than the crops themselves. See other
Breakthrough Capabilities in this Goal for opportunities in engineering food crops directly.
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m Potential Solution: Formulate optimized seed coating with the necessary
microbiota for rhizome performance in low gravity.

e Short-term Milestone: Identified molecular circuits and genes that underlie known
symbioses between plants and beneficial (nutrient fixing) microbes.

o Bottleneck: Metabolomic and proteomic datasets need to be improved and
expanded to better capture molecular communication between plants and
microbes.

m Potential Solution: Engineer beneficial symbiotic microbes to colonize and
out-compete non-beneficial microbes.

e Short-term Milestone: Crop-specific exudate compounds to control rhizobiome
composition and the abundance of target beneficial strains.

o Bottleneck: Different biotic and abiotic conditions influence development and
expression of crop-specific exudates (Zhalnina et al., 2018).

m Potential Solution: Measure exudate composition from space crops.

e Short term Milestone: Automated adaptive laboratory evolution (ALE) tools for
engineering of photosynthetic microbes, particularly cyanobacteria and algae, for space
environmental conditions (e.g., toxins, sulfur, iron, magnesium, high CO»
concentrations).

o Bottleneck: Adaptability of organisms to constantly variable conditions (such as
changes in sulfur content in regolith).

m Potential Solution: Engineer microbial consortia that are more resilient to
concentration changes than individual organisms.

m Potential Solution: Microbial biosensors capable of dynamically sensing
environmental conditions.

e Medium-term Milestone: Genetic systems for controlling rhizobiome symbionts scope for
growth and preferred niche space.

o Bottleneck: Crew health outcomes from unwanted release of rhizobiome
symbionts into the air of the spacecraft

m Potential Solution: Control growth of rhizobiome strains with genetic
circuitry that uses metabolic addiction or activated kill switches in the
absence of the host exudate.

e Medium-term Milestone: Support crop growth with synthetic soil or rhizosphere microbial
consortia (Moon, 2022).

o Bottleneck: Unknown molecular interactions between plants and microbes.

m Potential Solution: Controlled, miniaturized platforms to characterize
plant-microbe interactions and identify beneficial consortia and media for
growth in environmental parameters found on LEO, lunar, or Martian
regolith.

o Bottleneck: Unknown interspecies microbe-microbe and microbe-host
interactions within the rhizobiome.

m Potential Solution: Use of host-mediated or environment-mediated
selection base methods of rhizosphere “evolution’ to produce desired host
phenotypic outputs (Styer et al., 2024).
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e Medium-term Milestone: Plant-microbe symbiotic pairings to alleviate the need for
nitrogen fertilizers (Lindsey et al., 2021).
o Bottleneck: Nitrogenases needed for nitrogen fixation are highly sensitive to
oxygen (Barney, 2020).

m Potential Solution: Identify microbe symbionts that are less sensitive to

oxygen but have desired plant-microbe interactions.
e Medium-term Milestone: Plant-microbe symbiotic pairings, such as epiphytic bacteria, to
reduce abiotic stress.
o Bottleneck: ldentifying the impact of symbionts on the complex and dynamic
microbiome communities.

m Potential Solution: Identify individual bacterial symbionts and communities

of symbionts with desired impacts on crop growth.
e Medium-term Milestone: Fungal or mycorrhizae communities for resilient, sustained,
carbon-negative food and nutrient production.
o Bottleneck: Complex genomes make engineering mycorrhizal fungi challenging
(Erench, 2017).

m Potential Solution: Genetic toolkits for one or more mycorrhizal fungi to
enable their use as mycorrhizal chassis.

o Bottleneck: Maintenance and administration of obligate, mycorrhizal strains.

m Potential Solution: Identify non-mycorrhizal symbionts that perform similar
services, including trichoderma and beneficial bacteria.

e Medium-term Milestone: Biomaterials that support growth and maintenance of nitrogen-
fixing bacteria.
o Bottleneck: Nitrogen-fixing bacteria require carbon supply and form native
associations with a limited number of crops.

m Potential Solution: Engineer extracellular matrices, such as designer cell
wall polymers, to sustain the growth of nitrogen-fixing bacteria without the
plants.

m Potential Solution: Addition of bacterial nitrogen-rich biocapsules or films
to space crop growth systems.

e Medium-term Milestone: Beneficial microbes that protect plants from pathogens (Berg &
Koskella, 2018; Li et al., 2021).
o Bottleneck: Survival of engineered microbes in complex microbial communities.

m Potential Solution: Biodesign of a modular microbial chassis that is robust
to environmental perturbation.

m Potential Solution: Engineer stress resistance to limited nutrients, harsh
temperatures, etc., into existing microbes (Szydlo et al., 2022).

e |ong-term Milestone: Resilient, continual plant-microbiome consortium for optimized
space crop production.
o Bottleneck: Limited resource availability (nutrients, physical space) that enables
large consortia to grow in non-native environments.

m Potential Solution: Build synthetic communities with microbes from
functional guilds in complex microbial consortium to probe non-native
environmental cultivability.
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e Long-term Milestone: Biosensors that continuously monitor and report plant health and
needs (water, nutrients, etc.).
o Bottleneck: Sensors and detection mechanisms that can operate at the low cost
and mass setting of space applications.
m Potential Solution: Engineer tissues of sentinel plants to manifest visible
color changes in response to specific environmental deficiencies.
m Potential Solution: Microbial devices that report real-time changes in the
water, soil, and root chemical environment.
e Long-term Milestone: Precision agriculture with miniaturized, automated farming
machines for onboard plant health detection (Kacira & Ling, 2001; Zermas et al., 2015).
o Bottleneck: Susceptibility of plant health to labor requirements, resource
limitations, and environmental perturbations.
m Potential Solution: Machine learning algorithms and spectral analysis to
predict and detect environmental stressors and identify corrective action.
m Potential Solution: Genetically encoded sensors in plants or plant-
associated microbial biosensors for early detection and reporting of plant
health.
m Potential Solution: Non-aerosol-based treatments that can fight plant
pathogens.
m Potential Solution: Inoculate growing systems with multifaceted,
biopriming solutions, such as engineered consortia, to fight plant
pathogens and abiotic stresses.

Breakthrough Capability: Optimized plant architecture and growth for space flight and habitation
conditions.
e Short-term Milestone: Targeted plant varieties for compact growth spaces in microgravity
environments.
o Bottleneck: Ability of consumable plants and algae with sufficient baseline growth
to grow in a microgravity environment.
m Potential Solution: Characterize health and growth of plant and algae
candidates in microgravity.
o Bottleneck: Gravity requirements for specific pollination of plant species to
produce fruit.
m Potential Solution: Engineer plant species that are adaptable to
microgravity pollination habitats.
o Bottleneck: Seed weight and germination efficiency varies by plant species.
m Potential Solution: Selection of species varieties with low seed weight,
high germination efficiency, and strong growth potential.
m Potential Solution: Seed coatings and optimized storage conditions to
improve germination efficiency.
e Short-term Milestone: Engineered food crop roots suited for hydroponic and aeroponic
growth (NASA, 2008; Eden Grow Systems & Comeaux, 2022).
o Bottleneck: Restricted growth of species cultivated in water or aeroponic
substrates.
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m Potential Solution: Transfer genes that are optimal for hydroponic and
aeroponic growth conditions to non-amenable species.

e Short-term Milestone: Engineered plants to recycle human occupancy waste.

o Bottleneck: Current plant technology cannot convert human waste to usable
materials (Lockhart, 2018).

m Potential Solution: Engineer plants to use nitrogen and water sources
from human urine for growth.

m Potential Solution: Algae and microbial-based wastewater filtration
systems for space that recover nutrients from human waste.

m Potential Solution: Monitor for potential disease transmission when
wastewater is reclaimed using plant, algal, and microbial resources.

e Short-term Milestone: Engineered plants that grow on fermentation intermediates
(Kasiviswanathan et al., 2022).

o Bottleneck: Currently, many plants cannot use intermediates (such as acetate) as
a carbon source or do so only at low rates.

m Potential Solution: Engineer a variety of plants to integrate with other
bioprocesses, such as CO;-driven fermentations, and more efficiently and
effectively use intermediates.

e Short-term Milestone: High-nutrition crop species optimized for closed environment
agriculture (CEA).

o Bottleneck: A CEA environment with ideal environmental parameters (e.qg., light
intensity, light wavelength mix, air movement, temperature) for optimized
production of desired crop varieties.

m Potential Solution: Engineer chambers with desired environmental
parameters to test likely microbiomes and co-growth with other plants
(Danforth Center, 2024).

m Potential Solution: Engineer endogenous reporting mechanisms in crops
to show health status.

m Potential Solution: Rapid, automated screening of desired metrics to
create predictable models for linking environmental conditions with
optimal crop production.

e Medium-term Milestone: Robust food crops tolerant to increased radiation of off-planet
environments (Ali et al., 2015; Jan et al., 2012; Majeed et al., 2018; Vanhoudt et al.,
2014).

o Bottleneck: Radiation tolerance across lifecycles is understudied in plants
currently deployed in space (De Micco et al., 2002).

m Potential Solution: Screen for DNA damage of samples from plants that
exhibited radiation tolerance on earth across various highly radioactive
sites (e.g. Chernobyl).

m Potential Solution: Engineer plants to incorporate heterologous radiation
tolerant machineries from other plants or algae.

e Medium-term Milestone: Food crops with high tolerance to increased planting densities
while maintaining high harvest indices.
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o Bottleneck: Shading and competition for available lighting limit growth and
harvest index for most plants to below acceptable limits as planting densities
increase.

m Potential Solution: Genetically engineer the light harvesting complex of
plants to decrease chlorophyll content for improved light use-efficiency-
per-unit-photon and increased tolerance of shading (Caddell et al., 2023).

e Medium-term Milestone: Additional plant varieties for closed-environment agriculture
(CEA), particularly those with cultural significance.

o Bottleneck: Current agricultural crops are bred for outdoor field conditions that
are highly variable across diurnal and seasonal cycles.

m Potential Solution: Identify genetics and phenotypes (e.g., high harvest
index, short body plan and seed-to-seed time, and long fruiting) of plant
species successfully grown in CEA.

m Potential Solution: Accelerate the breeding of existing commercial crops
for CEA or domesticate crops which are not currently widely
commercialized, such as duckweeds or amaranth.

e Medium-term Milestone: Food crops with minimal media requirements to reduce excess
weight added to vessels by plant growth supplies.

o Bottleneck: Viable media that is lighter than soil, has appropriate footprint to
support plant root architectures, and supports robust plant growth.

m Potential Solution: Conduct hydroponics and aeroponics research to
understand media and root architecture needs of food crops.

m Potential Solution: Engineer traditional crop waste products (e.g., roots)
for downstream use as alternative root support.

e Medium-term Milestone: Genetic tools to engineer food crops ideal for microgravity
environments.

o Bottleneck: Limited methods to manipulate protein production and activity of plant
varieties.

m Potential Solution: Engineer the plant species of interest with
mechanisms for post-translational modifications for specific protein
activity.

m Potential Solution: Integrate synthetic gene circuits into the plant genome
to regulate protein production.

e Long-term Milestone: Sustainable food crop ecosystem with various identified and
cultivated plant species and plant-associated microbial communities suitable for space
flight.

o Bottleneck: High efficiency requirement with limited available resources on the
spacecraft.

m Potential Solution: Automated control and feedback system to maintain
the highest efficiency of the plant ecosystem.

m Potential Solution: Utilize the plant ecosystem to store all microbial strains
required for use in the spacecraft to maximize efficiency-benefit over
mass ratio.
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o Bottleneck: Sufficient biodiversity and feedback loops to sustain the plant
ecosystem.
m Potential Solution: Multifunctional microbial strains capable of plant
symbiosis, filtration, and production chassis of micronutrients.
e Long-term Milestone: Plants that can efficiently pollinate and produce seeds and fruits in
the spaceflight environment.
o Bottleneck: Poor productivity from fruiting crops from reduced transfer of pollen
and pollination efficiency in microgravity.
m Potential Solution: Engineer plants with parthenocarpic fruit production or
apomictic seed production.
e Long-term Milestone: Engineered plants and crops that can grow on planet regolith.
o Bottleneck: Lack of nutrients for plant growth in regolith.
m Potential Solution: Enhance elemental composition of regolith through
microbial use and manure recycling.
m Potential Solution: Engineer microbial processes to extract available
nutrients from regolith to incorporate into nutrients for plant growth.
o Bottleneck: Regoliths lack weathering and their sharp edges directly impede root
growth.
m Potential Solution: Engineer regolith controls, such as tumbling, for
effective pre-planting remediation techniques.
m Potential Solution: Use earthworm-based regolith remediation as effective
pre-planting remediation techniques.
o Bottleneck: Martian regolith has high levels of perchlorate salts, toxic to both
plants and humans (Kasiviswanathan et al., 2022).
m Potential Solution: Identify engineering mechanisms to reduce and
reclaim Martian regolith for human use and as a plant growth substrate.

Breakthrough Capability: Engineered food crops with high nutrient biomass, high harvest index,
pathogen resistance, and short harvest time.

e Short-term Milestone: Germplasm repository improvement and pan-genome sequencing
of diverse potential crops to support genome-wide association study (GWAS)-like
analyses (McNulty et al., 2021).

o Bottleneck: Identification of optimal starting crops.
m Potential Solution: Coordination with USDA and International Agricultural
Entities for organizing and assessing the existing germplasm collections.
o Bottleneck: Assessing the diversity of possible germlines for fair representation of
relevant diversity.
m Potential Solution: Identify new collections of standing diversity for core
target plants followed by pan-genome sequencing for variation analysis.

e Short-term Milestone: Edible plant parts with enhanced micronutrients.

o Bottleneck: Limited ability of current engineering efforts to boost nutrient levels
due to metabolic bottlenecks, single gene approaches, and limited use of DNA
parts.
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m Potential Solution: Identify metabolic bottlenecks to overcome in cycling
plant systems grown in extreme environments, such as aquatic plants,
bryophytes, and seed plants.

m Potential Solution: Engineer fast-growing plant or cyanobacterial
platforms to produce or enrich for a single micronutrient or macronutrient.

m Potential Solution: Explore fungal engineering as an expedient alternative
to plant engineering for macronutrient and micronutrient production.

e Short-term Milestone: Cultivated food crops with enhanced resistance to pathogens.
o Bottleneck: Susceptibility of plant crops to rapidly evolving pathogens.

m Potential Solution: Inoculate the plant with pathogen-resistant microbes
and fungi.

m Potential Solution: Enhance the natural plant immune system with
probiotics, biostimulants, and biocontrol strains as a preventative
measure.

o Bottleneck: Development of new, opportunistic pathogens on the space station
due to mutations.

m Potential Solution: A continuous system to monitor indicators of the health
of the root system, leaves, and stems for the presence of pathogens.

m Potential Solution: Periodically analyze crop tissues for potential
pathogens that may arise from environmental organisms, microbes, and
fungi.

e Medium-term Milestone: Targeted genome editing in crop plants to enhance post-
harvest stability and palatability.
o Bottleneck: Efficient and site-specific editing of plant genomes and validation of
stable plant lines.

m Potential Solution: Efficient genetic manipulation of plants and tissues to
optimize gene delivery systems and co-factors and increase transgene
delivery through plant cell barriers.

m Potential Solution: An effective Agrobacterium-mediated system to deliver
CRISPR-directed recombinases to gametes.

m Potential Solution: PAM-free programmable endonucleases to enable for
flexible site-specific editing.

m Potential Solution: Target cell wall enzymes and polyphenol oxidases that
contribute to ripening and post-harvest losses.

e Medium-term Milestone: Crop varieties with complete micronutrient profiles for human
support.
o Bottleneck: Limited production of the vitamins, minerals, and balanced amounts
of nutrients humans require by current plant technology.

m Potential Solution: Engineer a plant or plant colony that can provide a
complete diet (Li et al., 2022).

m Potential Solution: Metabolic engineering to increase the quantity or
density of nutrients produced by a plant.

m Potential Solution: Use optogenetics or other inducible genetic circuitry to
stimulate plants to make specific nutrients on-demand.
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m Potential Solution: Use leaf infiltration to introduce complex-multigene
pathways for micronutrient production (Stephenson et al., 2018).
e Medium-term Milestone: Crops with high harvest index and short harvest time.
o Bottleneck: Crops with a long lifecycle but slow and limited production of edible
seeds and fruits.

m Potential Solution: Engineer wholly-edible plants to vegetatively
propagate and produce desired nutrition features, including high protein
with required balance of amino acids, carotenoids, etc.

m Potential Solution: Develop libraries of cryopreserved clonal plants (e.g.,
duckweeds) that don't need a life cycle involving seeds, and can be
regenerated exponentially from cryopreserved material.

m Potential Solution: New crop varieties with energy and nutrient dense
leaves.

o Bottleneck: Accumulation of toxic or unpalatable compounds from many plants
with desirable bioactive compounds to treat human disease.

m Potential Solution: Engineer an edible bryophyte, such as Marchantia
polymorpha, rich in bioactive compounds and fiber for oral drug delivery
(Chandra et al., 2018; Sauret-Gieto et al., 2020).

e Medium-term Milestone: Plants with edible organs and tissues optimized for space flight
that are compact, nutrient-dense, and mature quickly.
o Bottleneck: Microgravity influences plant stem cell differentiation, cell gravitaxis,
and gravitropism.

m Potential Solution: Engineer novel plant strains to function independent of
gravity.

m Potential Solution: Engineer plants able to be induced or controlled with
an alternative input or tropism.

e Long-term Milestone: Combine all space-flight environmental services provided by plants
into five or fewer species of plants.
o Bottleneck: Identification and integration of multiple critical functions into single
plant species.

m Potential Solution: Modify or introduce genes into plants for various
critical functions, such as enhancing oxygen or nutrient uptake.

m Potential Solution: Engineer genetic components that can be easily
incorporated or removed from the plant genome to customize overall
function.

m Potential Solution: Engineer a single highly-photosensitive plant, which
can be activated with spectrally engineered LED wavelengths to
synthesize on demand proteins and nutrients.
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Goal: Increased palatability and stability of food.

Current State-of-the-Art: Food produced and consumed during a long-term mission must be
safe, nutritious, and support optimal physiological and cognitive performance (Smith et al.,
2021). Currently, meals provided to astronauts must meet strict safety standards and undergo
extensive packaging and conservation processes to remain stable in the space environment.
The Space Food Systems Laboratory produces prepackaged foods that are very similar to
military MRE'’s, including beverage powders, cookies, candy, and other dried goods,
specifically tailored to the nutritional needs of astronauts. Specialty packaging allows for the
injection and mixing of water in orbit as well as cooking and heating where appropriate
(Kumar & Gaikwad, 2023; Lewis, 2023). Food processing and packaging is dependent on the
composition and shelf-life of the individual food item.

Quiality and palatability are among some of the biggest challenges in the production of
food for human consumption during space flight. Astronauts are only able to select up to 20%
of their own food and beverage options, while the other 80% comes from shared, standard
foods (Douglas et al., 2020). Although many astronauts prefer foods with pleasing aromas
and spices, their perception of taste is altered during space flight due to microgravity changes
in physiological conditions (Bychkov et al., 2021). Moreover, due to the enclosed nature of
space environments, foods with strong aromas are often avoided even though they are
preferred. Texture and flavor also play a role in the appeal of foods in space, with astronauts
preferring diets varied in both. A sensory evaluation is also completed for each food item to
determine palatability (Tang et al., 2022; Smith et al., 2021; Lewis, 2023). Decreased
palatability often results in a reduction in calorie consumption. ISS astronauts have been
reported to consume only 80% of the daily recommended intake, altering their nutritional
status after space flight (Smith et al., 2005). This decreased energy intake, especially over
longer duration space travel, could result in malnutrition and other health concerns. Ideally, a
meal plan would reduce menu fatigue by offering a variety of pleasing tastes, smells, textures,
and flavors.

Through the application of process engineering, we can engineer the mechanical
properties of food to make them more appealing. For example, precision fermentation and
plant expression platforms can be leveraged to produce much needed fats (Boukid et al.
2023; Kulshreshtha et al., 2022; Chai et al., 2022) to generate enhanced textures in multiple
foods. Three-dimensionally engineered foods, particularly those grown or generated onboard,
may increase the availability of palatable textures (Santhoshkumar et al., 2024; NASA,
2019a). Engineering biology can help to generate edible matrices and structures to generate
optimized textures.

New efforts are underway to understand how olfaction and gustation work will further
efforts to improve the perception of taste in flight, particularly in physical receptors and
neurochemistry (Billesbglle et al., 2023; del Marmol et al., 2021; Parry, 2023). However, there
are a variety of ways engineering biology tools and techniques may be used to improve the
flavor profiles of food consumed in space. Leveraging enzymatic catalysis and enhancing
existing flavor profiles in microbial, animal, and plant cells, can help to generate appealing
flavor compounds (Dickey et al., 2024). Flavor compounds may also be developed that are
specifically engineered to respond to altered tasting capacity, with a long-term goal of
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developing a robust portfolio of flavors optimized for performance in space. Additionally, the
identification of metabolic pathways that produce unappealing flavor and scent compounds is
the first step in being able to remove them from foods consumed in space.

Engineering biology offers a host of solutions to improve food packaging and
preservation. Biological materials can be synthesized specifically for food preservation and
processing to better maintain nutrition levels for prepackaged foods for 3-5 years (or longer).
The identification of genes responsible for radiation tolerance, for example, can help to enable
crop and food stability (Lamprecht-Grandio et al., 2020). Eventually, technologies like low-
mutation crops that are resistant to the harsh conditions of spaceflight will be able to
propagate for years without genotypic and phenotypic fluctuations.

Breakthrough Capability: Biobased platforms for engineering structure and composition of on-
demand foods.
e Short-term Milestone: Precision fermentation or plant recombinant protein expression
platforms to generate precisely-controlled fat structures.
o Bottleneck: Control of the ideal fatty acid composition.

m Potential Solution: Metabolic and circuit engineering of fatty acid
biosynthesis and degradation.

m Potential Solution: Identify exogenous additives and target candidates
that regulate the composition of fatty acids produced in fermentation or
expression platforms.

o Bottleneck: Underdevelopment of methodology for controlling lipids and other
hydrophobics.

m Potential Solution: Collection of hydrophobic precision fermented
products with organogel- and oleogel-based platforms (Davidovich-
Pinhas, 2016).

e Short-term Milestone: Scalable approaches to cultivate adipose tissue from mammalian
cells (Lew et al., 2024).
o Bottleneck: Limited yields of adipose tissue derived from animal cells.

m Potential Solution: Enhance growth of adipose tissue ex vivo with ideal
culturing and bioreactor conditions.

m Potential Solution: Engineer induced pluripotent stem cells or fibroblast
lines encoded with gene circuits that enable them to easily differentiate
into brown or white adipose tissue (Pawlowski et al., 2017; Genovese et
al., 2017).

m Potential Solution: Identify media formulations or additives that accelerate
the growth and differentiation of adipose tissue ex vivo.

e Medium-term Milestone: Biomanufactured matrices that add structure and texture to 3D-
printed foods, for a range of food types.
o Bottleneck: Required heterogeneous combination of multiple matrices to increase
palatability and texture of current foods.

m Potential Solution: Engineered control of matrix properties, such as

polymer length, linkages, and branching.
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m Potential Solution: Engineer fibroblast cell lines to produce optimized
extracellular matrix for texture mechanics and flavor.
e Long-term Milestone: Scalable approaches that enable 3D structuring of lab-grown
meats.
o Bottleneck: Complexity of 3D bioprinting lab-grown meats to replicate texture,
appearance, and palatability of real meat.
m Potential Solution: Control structure and spatial organization of 3D meats
on a scalable level to enable rapid production on a scalable level.
m Potential Solution: Increase capabilities of 3D-printing for higher volume
production of 3D foods.
e Long-term Milestone: Synthetic microbial consortia that produce edible, 3D structures
mimicking familiar foods.
o Bottleneck: Cell-cell communication necessary for coordination among a
community in a 3D structure.
m Potential Solution: Spatial control over microbial consortia with synthetic
morphogens or modified gene circuits that allow for precise formation of a
3D structure (Deter and Lu, 2022).
o Bottleneck: Growing microbes in a 3D structure.
m Potential Solution: Create a cascade of developmental steps within a
microbial consortium that allow for ideal spatial organization of microbes.
m Potential Solution: Grow cells in a microgravity environment for easier
manipulation of their final placement within the structure.

Breakthrough Capability: Foods with specified texture profiles.

e Short-term Milestone: Defined range and importance of texture profiles required for long-

term happiness for clear engineering goals.
o Bottleneck: Preferences for future Mars travelers may be more varied than
current astronauts.
m Potential solution: Modern customer research approaches (interview-
based research) on food texture and happiness.
o Bottleneck: Food tastes and textures change based on consumption
environment.
m Potential solution: Increased food experience testing in the international
space station.

e Short-term Milestone: Process engineering to generate a variety of desired textures that
improve palatability; for example, engineering more surface area for spice deposition,
popping bubbles, etc.

o Bottleneck: Individuals have varying taste and texture preferences.
m Potential Solution: Extensive consumer research to ensure textures
satisfy consumer preferences.
o Bottleneck: Maintaining good manufacturing practices (GMP) to generate
palatable and safely-digestible food.
m Potential Solution: Standard operating procedures and quality control
regulations.
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e Short-term Milestone: Molecular gastronomy methods that are achievable in low-
resource settings, including microgravity and below low Earth orbit environments.
o Bottleneck: Stability of ingredients in extreme environments.
m Potential Solution: Test ingredients in microgravity conditions on earth for
stabilization and functionality.

e Medium-term Milestone: Advancement in existing technical capabilities for additive

manufacturing or 3D-printing of textures in foods for space application.
o Bottleneck: Mainly starchy products and alternative meats have been explored
with current state-of-the-art technology (Bugarin-Castillo et al., 2023).
m Potential Solution: Investigate different ingredients or nutrients that can
be used in 3D-printing of textures.

e Medium-term Milestone: Optimized engineering biology-enabled texturizers (such as
additives or coatings) that are lightweight, low cost, compact, and ideally nutritionally
dense.

o Bottleneck: Achieving the desired texture without compromising cost,
compactness, and nutritional value.
m Potential Solution: Edible coatings that are lightweight, rich with nutrients,
and provide the desired texture.

Breakthrough Capability: Foods with specified flavor profiles.
e Short-term Milestone: Characterized metabolic pathways for fats and off-flavors
produced by laboratory cultured foods.
o Bottleneck: Limited understanding of the connection between fat composition and
resultant sensory experiences of laboratory cultured foods.

m Potential Solution: Compare cultivated fat with traditional livestock-
derived products for better characterization and potential catering of cell
growth conditions for achieving similar sensory experiences (Lew et al.
2024).

o Bottleneck: Cultivated fat profiles and off-flavors might be difficult to modify or
remove.

m Potential Solution: Develop chemically-defined cell culture media to
enhance the production of specific fats involved in positive sensory
experiences.

m Potential Solution: Engineer metabolic pathways to promote the
production of specific fats while reducing the presence of off-flavors.

e Short-term Milestone: Enzyme-based biochemical reaction pathways for flavor
compounds.
o Bottleneck: Instability of enzymes capable of bioconversion during spacecraft
launch or long exposure to microgravity.

m Potential Solution: Shelf-stable, cell-free protein and enzyme synthesis
platform with on-board DNA template for in-space production of enzymes.

e Short-term Milestone: Removal of metabolic pathways that produce off-flavors and
smells from fermentation hosts.
o Bottleneck: May require multi-step processing.
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m Potential Solution: Enable fermentation broths that are palatable without
downstream processing
e Medium-term Milestone: Complex flavor profiles from microbial strains using multi-circuit
or multi-pathway engineering.
o Bottleneck: Achieving flavor complexity with relatively simple compounds.

m Potential Solution: A palette of simple compounds that each have a
distinct flavor that can also be combined in different ways to create
various other flavor profiles.

o Bottleneck: Current biochemical protocols typically optimize for a single
compound.

m Potential Solution: Engineer more promiscuous enzyme chemistry that
produces an acceptable range of products needed for a certain flavor
profile.

e Medium-term Milestone: Flavor compounds engineered to respond to altered tasting
capacity.
o Bottleneck: Influence of spaceflight on the expression and sensitivity of taste
receptors, taste bud microarchitecture, and mass and heat transfer of food.

m Potential Solution: Physiological and molecular studies examining the
effects of spaceflight on taste receptors.

m Potential Solution: Novel G-protein coupled receptor agonists that
activate specific taste receptor combinations experienced in space.

e Medium-term Milestone: Encapsulation of flavor and fragrance to be released at the time
of consumption.
o Bottleneck: Stability of flavors and fragrances during space flight.

m Potential Solution: Engineered plant biopolymers with release
mechanisms to control the timing and amount of flavor released when
astronauts chew the food.

m Potential Solution: Agonists that stimulate the umami receptor.

o Bottleneck: Microgravity-induced fluid shifts to sinuses that alter olfaction and
gustation (Olabi et al., 2002).
m Potential Solution: Lower the viscosity to enhance the overall taste profile.
e Long-term Milestone: Microbes that use waste-stream feedstocks to produce space-
flight relevant flavors and fragrances.
o Bottleneck: Appropriate lightweight and sterile bioreactors.

m Potential Solution: Novel, space-specific bioreactor and growth systems
that enable recycling of waste stream feedstocks for flavor and fragrance
synthesis.

o Bottleneck: Lack of research on how microbes behave in space compared to on
Earth.

m Potential Solution: Optimize microbial colonization in space for enhanced
flavor and fragrance production.

e Long-term Milestone: Portfolio of flavors optimized for performance in space and low-
gravity or altered atmospheric conditions available to all space missions.
o Bottleneck: Transport and shelf-life of many flavors to space.
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m Potential Solution: Engineer shelf-stable flavor compounds.

Breakthrough Capability: Stabilized crops and food sources.
e Short-term Milestone: Identified genes responsible for radiation tolerance tested in crops
for environmental protection.

o Bottleneck: Isolation of specific crop genes responsible for radiation tolerance.

m Potential Solution: Localize specific genes of interest with -omics
sequencing.

e Short-term Milestone: Assessment of the evolutionary capacity and risk of engineered
microbes in the microgravity environment.

o Bottleneck: Limited knowledge of the capacity of genes to evolve metabolic
mechanisms based on exposure to selective pressures in a microgravity
ecosystem, relative to the most similar stable ecosystem on earth.

m Potential Solution: A focused systems -omics approach to assess
sequence and function of the engineered DNA relative to the ideal
ecosystem.

e Medium-term Milestone: Replacement of error-prone replication machinery with higher-
fidelity enzymes in space crop genomes.

o Bottleneck: Genetic drift may allow for adaptations in space that alter crop
growth.

m Potential Solution: Implement controlled breeding programs combined
with genomic monitoring to ensure genetic stability.

m Potential Solution: Utilize CRISPR/Cas technology to introduce targeted
genetic safeguards that prevent unwanted mutations, maintaining the
desired crop phenotype despite the adaptive pressures of space
environments.

e Long-term Milestone: Multi-generational crop propagation with minimal genetic
mutations or phenotypic fluctuations from space-related environmental factors.

o Bottleneck: Influence of space-specific environmental stressors on genetic and
phenotypic stability of crops over time.

m Potential Solution: Advanced genetic editing tools to introduce robust
genetic safeguards, such as DNA repair enhancement and anti-mutation
mechanisms.

m Potential Solution: High-throughput sequencing and bioinformatics to
detect and correct mutations in real-time.

m Potential Solution: Implement controlled environmental systems to
regulate and mitigate space-specific stressors, ensuring crops remain
genetically and phenotypically stable over extended periods.

m Potential Solution: Engineer apomixis into crops to provide for stable,
clonal seed production over multiple generations.

Breakthrough Capability: Biobased food preservation.

e Short-term Milestone: Commensal bacteria modified for the production of preservative,
antimicrobial, or biocoatings on food substrates.
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o Bottleneck: Inability of many bacteria to produce antimicrobial compounds
without autotoxicity.

m Potential Solution: Use commensal yeasts for production.

m Potential Solution: Engineer novel strains that can synthesize
antimicrobial compounds with non-toxic analogs.

o Bottleneck: Potential harm of commensal bacteria to the gut microbiome of
astronauts.

m Potential Solution: Titrating bacteria for specific-use cases.

m Potential Solution: Screen candidate bacteria for strains that could
increase permeability of the digestive lining and lead to leaky gut.

e Medium-term Milestone: Biological materials synthesized in situ for food preservation
during plant growth or processing of foods.
o Bottleneck: Multiple instruments required for cell lysis and extraction of target
proteins and biomaterials for food preservation.

m Potential Solution: Engineer in situ production pathways of biomaterials
and proteins in plants during growth.

m Potential Solution: Develop multi-functional bioprocessing systems that
perform cell lysis, extraction, and purification to reduce the need for
multiple toolsets.

e Medium-term Milestone: Engineered yeast cells for encapsulation of bioactive
compounds in food products (Dadkhodazade et al., 2021).
o Bottleneck: Ability of yeast cells to release contents after ingestion.

m Potential Solution: Engineer yeast cells to respond to specific
physiologically relevant conditions of the human digestive system, such
as pH changes, temperature, and the presence of digestion-related
enzymes.

e Long-term Milestone: A space ecosystem of commensals and crops that provides
adequate food supply for human survival for 2+ years.
o Bottleneck: Shelf-life and risk of bacterial contamination to food supply.

m Potential Solution: Use antimicrobial agents or preservatives in the food
to protect from unwanted microbes.

m Potential Solution: Engineer genetically modified crops to be resistant to
microbial contamination.
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Environmental Control & Life Support

Introduction and Impact: Environmental control and life support (ECLS) systems are the
foundation of human space flight. Fortunately, engineered and bio-based solutions are
emerging as a new paradigm to meet the challenge of ever-longer and ever-further exploration.
Engineering biology offers the opportunity to optimize system efficiency and improve
functioning. This roadmap technical theme explores the opportunity to use engineering biology
to improve and expand upon environmental control and life support systems — including air,
water, waste, and infrastructure — for use in low-resource environments, both on and off Earth.

ECLS systems are exceedingly complex and must account for a multitude of
environmental considerations, particularly those important to maintaining long-term well-being of
more diverse space travelers. Clean and breathable habitat air is essential for crew health and
safety during long-term space flight. Biobased systems, including engineered microbes, plants,
and fungi, can be leveraged to improve the efficiency and effectiveness of air filtration systems,
with the ultimate goal of establishing a robust and complex air microbiome (Maurya et al., 2023).
And engineered microbial consortia and more advanced biomaterials may enable the
production, capture, and conversion of air to efficiently produce oxygen and sequester carbon
dioxide.

Fresh water is also a top priority for spaceflight, including continuous and on-demand
water filtration, recycling, purification, and even generation. Advanced biosensing capabilities
can continuously monitor and rapidly detect changes in water quality to provide timely and
accurate bioremediation. Using engineering biology, wastewater treatment systems can be
optimized for efficiency and effectiveness, with byproducts available for use in other life support
or food systems. Engineering biology can also enable the utilization of in situ resources for the
regeneration and conditioning of fresh water. These capabilities are particularly important on
long-term missions, where resupply may be infrequent or unavailable. Water generation and
purification technologies also have extensive Earth-side applications, particularly in places most
impacted by climate change.

No waste processing techniques are currently being implemented in space, rather
current procedures rely on storage instead (Simon et al., 2017). However, engineered
enzymatic and microbial systems, along with higher-order organisms can be leveraged to
improve waste remediation and recycling through bioprocessing of human, food, and material
waste streams. For example, microbial strains and consortia, and even insects, can be
engineered to process human waste for further use in hydroponic or food production systems,
such as crop growth supplements. Engineered fungi and microbiomes may be capable of
lignocellulose destruction and metabolism, aiding in upcycling and reuse of crop and plant
waste. The management of abiotic materials, including plastic and electronic waste, can be
accomplished through engineered metabolic and enzymatic degradation, with the additional
possibility of elemental recovery and brine production to support a closed-loop system
(Santomartino et al., 2023). Processing and recycling of waste streams will significantly help to
make long-term spaceflight more efficient and sustainable, enabling circularity of onboard
materials and systems.

Opportunities exist to leverage extremophiles and other unique capacities of biology to
process and remediate regolith for use in other systems. Planetary regolith provides a resource
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base for mineral extraction and generation of supplemental compounds, transformation to soils
and other growth substrates, and downstream materials synthesis (Kuppers et al., 2014; Meyer,
2003). While tangential to supporting human health and well-being in the present moment, the
potential of regolith biomining and transformation represents utilization of in situ resources,
coupled with engineering biology, to make long-term space exploration more feasible.

Habitat materials contribute greatly to the maintenance of human health in resource-
limited environments, like spaceflight. These include structural components of the habitat,
clothing/fabrics, and single-use consumables (such as medical supplies) and packaging, which
are currently made primarily from plastics. Engineering biology can enable living materials that
report on environmental health or with self-healing properties developed for use in space
habitats to address damage and leaks.

Finally, engineering biology offers solutions to improve biosensing and monitoring tools
and technologies to continuously monitor ECLS system health (Huang et al., 2023). For
example, integrated and comprehensive environmental monitoring systems could detect,
diagnose, and address abnormalities, such as small changes in air or water quality or system
microbiome health. Expansion of monitoring technologies can also improve on-Earth monitoring
capabilities, such as early pathogen detection.
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ENVIRONMENTAL CONTROL & LIFE SUPPORT SYSTEMS

Goal Breakthrough Capability Milestone

Continuous production, recycling, and remediation of habitat air.

Continuous biomonitoring of habitat air.

A comprehensive understanding of
microbial ecology of habitat air in
various enclosed environments (e.g.,
ISS, lunar and Mars transit, lunar and
Mars base habitats).

Engineer immobilized synthetic
olfactory receptors to detect specific
odorants or volatiles in recycled air.

Stable, functional, self-replicating

biosensor arrays for air monitoring in
Multi-component biomolecular signal microgravity environments.
eI SYSTES £ trans.c['lpt{on Real-time biosensing of habitat air that
factors to detect specific air . .
) overcomes slow biological response.
contaminants of concern (e.g.,
volatiles).

Bio-based filtration of biotic and abiotic pollutants from circulating habitat air.

Engineered microbes that employ new
non-Calvin cycle carbon dioxide (CO2)

Microbes able to sequester particulate  [Xation pathways that more efficiently
e sl @R @ RS capture excess CO2 and pollutants from

the circulating air habitat. Genetically engineered space crop

plants and phyllosphere epibionts that
sense, filter, and decontaminate biotic
and abiotic pollutants.

Plants and plant-derived structures able
to filtrate pollutants.
Enzymes capable of decontamination

immobilized into porous structures built
specifically for ISS or habitat module air
filtration systems.

Fungi able to produce mycelium
structures that can act as physical and
chemical filters.

Robust bioprocesses for production, capture, and conversion of environmental gasses to habitat air.

Space-tolerant organisms with carbon
sequestration pathways.
Microbial consortia able to fix carbon . .
.. Autotrophic organisms capable
dioxide (CO2) and produce Oxygen . -
of rapid carbon fixation and
(02). . ; )
interconversion to quickly balance
environmental and energy demands L .
in space habitats Autonomous biofiltration system
: capable of regulating CO2 and
02 concentrations in the space
environment.

Microbial consortia capable of

highly-efficient CO2 capture and O2
A proof-of-concept modular or

production.
adaptable biochemical pathway that .
sequesters carbon monoxide (CO) that Harness path_ways c_haractgrlzed
could be implemented across different from _orgar_nsms W|th_de5|red
cell types or in a cell-free system. metabolic activity to build cell-free

bioreactors capable of CO capture at
concentrations relevant to the space

Short-term

Medium-term

Long-term
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Robust, complex habitat air microbiome.

A comprehensive understanding of

microbial composition of habitat air A spacecraft with engineered
in various enclosed environments Compose or engineer an air microbiomes integrated into
(e.g., positive control planet-side microbiome that is self-sustaining in a spacecraft that enhance air and life
that is beneficial for health, ISS, lunar microgravity environment. support systems
transit, Mars transit, lunar base, Mars
base).

Continuous, on-demand fresh water.

Biosensing and bioremediation of contamination in potable water systems.

|dentified potential water system
microbial contaminants in space

environments to target with Ability to detect and disrupt biofilms Microbial systems and consortia for
biosensors. that may arise in water recovery and decontamination that can adapt to
storage systems. dysbiosis and emerging pathogens.

Biological interventions to selectively
target and eliminate microbes of

concern in the water supply.

Capability to produce novel phages DgeriEnmision 6f e oy

-Bigmaterials.that are resistgnt t_o on space missions for rapid control of fun Ir;fllItrlaat:ilz;zrcocilafgr;_thhrgtjoghonic
biofilm formation for water filtration evolved biofouling microbes. gal, p ,0rp yarop
systems. substrates.

Highly-efficient biobased recycling and purification of wastewater.

Plant barriers, combined with
synthetic water pumps, specific for

wastewater contamination in NASA
systems. Algal and cyanobacterial farming

systems that provide water filtration.
Engineered biological components
that enhance self-regeneration of
membrane filters.

|dentified biological processes that
mimic current ISS chemical and physical

distillation. Microbial desalination cells (MDCs)
used as a bio-electrochemical system Microbial consortia capable of total
Utilize urine distillation brine as to break down organic matter in water purification and reclamation of
a source of salts and minerals wastewater while simultaneously ion, nitrates, and salts for other uses.
for defined culture medium for generating electrical energy.
fermentations, plant fertilizer, or other
uses.

Expansion of state-of-the-art
methods for the conversion of blood

into potable water. Recovery and reuse of desired non-
: _ microbial contaminants in wastewater
Reduce footprint and complexity of for plant and microbial growth.

the filtration system to meet mission
requirements.

Short-term Medium-term Long-term
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Generation and conditioning of fresh water from in situ resources.

Scaled plant systems that desalinate
water for enhanced water recycling.

Map of water net-positive (chemically
producing water) and water net-
negative (chemically destroying

water) metabolic processes known in

current microbial strains to aid design
choices for overall water balance.

Highly-efficient ethanol bioproduction
and bioreclamation cycle for salt
fractionation.

Engineered microalgae for
biodesalination.

Engineered edible microalgae for
combined food production and water
treatment.

Microbial consortia implemented for
fresh water generation from brine.

Waste remediation and recycling.

Bioprocesses for human waste management.

Engineered microbial strains or
consortia with high tolerance to
microbial inhibitors found in human
waste (aromatic compounds,
ammonia/salts).

Human waste-delineated medium
to support growth of a microbial
community to process human waste.

Defined human-waste derived
hydroponic growth media that
supports plant growth.

Measurements of the mass-balance
of carbon, nitrogen, oxygen, and
micronutrients and minerals for
human waste consumption in insect
larvae (e.g., black soldier fly).

Food-safe insect larvae grown on
human waste.

Short-term

Engineering Biology for Space Health

Microbial production strains with
consistent output in varying microbial
communities, e.g., stool microbiomes.

Medium-term

Self-generating, self-renewing
organismal consortia for fresh
water generation without long-term
maintenance.

Conversion of ambient and waste
gases (e.g., methane, hydrogen,
and oxygen) into water by
microbesmaintenance.

Long-term
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Bioprocesses for biotic material waste management, including food waste.

Fully characterized metabolic fluxes e e

of lignocellulose deconstruction ; .
and conversion by engineered compatible feedstocks for use in a food- Efficient d ; ‘
y eng producing bioreactor. icient downstream processes for

microbiomes. separation and formulation of edible
products from non-edible components.

Engineer fungi suitable for
degradation of space-related plant
lignocellulosic materials that could

also be used as a potential food

Efficient waste-to-gas (COz, CO, CHa,
N2) conversions using engineered
microbial communities on a defined

timeline.
source.
A complete closed-loop conversion of
- : . ; ) ) . solid waste into food using biological
|dentification of optimal insect Biomaterial regeneration loops for chitin systems.
candidates for waste-to-protein exoskeletons of insects used for waste
production in space conditions recycling

Bioprocesses for abiotic material waste management, including plastic and electronic waste.

Effective genetic engineering tools
for non-model microbes with valuable
native metabolism for processing

o Enzymatic degradation and recycling of Integration of plastic-waste degradation
mission waste streams.

mixed hydrolyzable plastic polymers into  byproducts into life-support-system to

tractable monomers. improve loop-closure
Database with bioconversion
efficiencies and limitations of platform
systems (insect bioconversion,
microbial bioconversion, etc.) for solid
waste bioconversion in operationally-
relevant environments (e.g., low
gravity, low resource). Robust biorecovery of major elemental  Microbial and archaeal organisms able
components (N, P, K, S, trace elements) to convert brine into useful products for
Efficient metabolic degradation of from abiotic waste streams. extended space travel.
single polymer plastics under space
conditions.
Short-term Medium-term Long-term

Engineering Biology for Space Health 86



Regolith and rock biomining, bioremediation, and transformation.

Biological extraction of elements and compounds for material biosynthesis from regolith.

Engineering tools for microbes robust
or resistant to heavy metals and
regolith solubles.

Bioconcentration of heavy metals
through metal precipitation and
sequestration pathways.

Biological platforms for heavy and rare
metals detoxification.

Determined chemical structure and
biosynthetic pathways for specific
metallophores produced by microbes.

Recombinant microbial
biosequestration strains that
overproduce specific metallophores
and uptake transporter systems for
inorganic nutrients of interest.

Downstream bioseparation method
to convert internalized or sequestered
heavy metals and rare earth metals into
a purer form for transportation or use
as raw material for industrial processes.

Biochemical pathways that convert
heavy metal into usable forms.

Organisms that are able to secrete
and tolerate large amounts of organic
acid for heavy metal solubilization,
conversion, or valorization.

Engineer robust chassis or microbial
consortia containing multiple heavy
metal uptake and detoxification
pathways.

Biological organization (e.g., DNA
origami) of regolith-derived metals
into semiconductor composites and

wires.

Organisms capable of scavenging
target micronutrients and minerals
from regolith.

Robust engineering toolkits that
use various non-model organisms
to extract (biological) elements and
compounds from regolith.

Bioconversion of regolith to agricultural soils and growth substrates.

Growth of vascular plants in soil with
specific regolith compositions of
organic and inorganic matter.

Robust control mechanisms for
microbial composition, adaptable
across complex soil types.

Healthy space crop plants maintained
by supplementations (e.g., organic,
inorganic, or biotic) to specific
regoliths to allow growth and food
production.

Strategies to create or transport
the necessary supplementations for
regolith conversion on site.

Short-term

A database of potential
biocontaminant strains of off-planet
agricultural spaces, with species or

strain level taxonomic resolution.

Inorganic compounds obtained in
situ from regolith for proper “soil”
generation.

Microbes engineered with different
metal requirements to enhance
bioconversion of regolith (i.e.,
engineer pumps to use metal
abundant in the regolith other than
sodium or lithium).

Engineer a minimal microbial
consortium that can generate soil that
supports plant growth starting from a

regolith base.

Medium-term

Complete bioconversion of regolith to
agricultural soils.

Long-term
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Biosynthesis of habitat materials supporting human health.

Biosynthesis of organic or engineered living materials for habitat construction and infrastructure.

Proof-of-concept biogenic and living
acoustic damping materials.

Validate capacity and efficiency
of select living organisms, such as
melanized filamentous fungi, to
transform ionizing radiation into a net-
energy gain.

Microbial production of bioplastics
and biomaterials with high volumetric
efficiency and yield from waste-
streams.

Construction materials which help
to regulate habitat humidity and
condensation.

Construction materials and
coatings that contain a beneficial
microbiome for the habitat, such as
to help condition the air or provide
environmental biosensing capabilities.

Radiotrophic organism metabolism
using gamma radiation as power-
source to create photosynthetic
analogues.

Blend engineered living materials
with the materials of the spacecraft.

Biomanufacturing systems to convert
in situ resources into versatile and
durable biopolymers with sufficient
mechanical requirements for
construction purposes.

Integrate healable biomaterials with
biosensors to create autonomous in-
flight repair of air leakages.

Extremophiles and enzymes
capable of synthesizing biopolymers
that perform well under adverse
conditions.

Efficient recovery of urea from
biological waste streams for
biocement applications for habitat
construction.

Enable sustainable infrastructures
with controlled formation of biofilms
useful to life support systems.

Integration of acoustic damping
capability into multipurpose, self-
generating construction materials for
crew cabins.

Microbes and plants that generate and
self-assemble advanced polymers into
habitat structures.

In situ synthesis and repair of clothing and personal protective equipment.

3D-printed bioplastics [e.g.,
polyhydroxyalkanoates (PHAS),
including PLA, P3HB, P4HB] which
mimic clothing (texture, pattern).

Assessment of novel biomaterials and
biocomposites for use in space clothing.

Short-term

Engineering Biology for Space Health

Clothing with embedded enzymes that

resist soiling and dirt.

Microbes able to produce different

types of advanced, high-performance

bioplastics for durable clothing,
including space suits and flame-
retardant clothing.

Medium-term

Cells that can be applied directly to
the astronaut’s body to generate
coatings with various protective and
adaptive traits, such as protection
from radiation, temperature and
moisture regulation, and antimicrobial
and antifungal properties.

Long-term
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Integrated and comprehensive environmental monitoring.

Real-time biosensing and reporting on life support systems and built-in environment.

Microbe-based system that
generates an electronic (wireless)
signal for aggregation by a central

monitoring system (vs. the more
typical biological readout, such as
luminescence).

Efficient and autonomous sensing,
sampling, and sequencing of
biocomponents of life support systems.

Microbial biosensors to monitor and
report elemental balances on closed life
support systems.

Programmable apoptotic circuits
for control of microbial biosensing
organisms.

Efficient colorimetric-based
biosensors for built-in environments.

Biological data from life support
systems converted into machine-
readable information with an
automated platform.

Living surfaces that integrate
microbial biosensors with physical
sensors to monitor habitat areas.

An autonomous environmental control
module for air, water, and waste
remediation to minimize energy and
infrastructure requirements.

Characterization of optimal
environmental microbiome for
symbiotic human microbiome

maintenance.

Real-time, continuous biosurveillance
of microbiome consortia within the
environment and present humans.

Biobased tools and technologies for early environmental threat or anomaly detection.

Engineered microbial or cell-free
biosensors for the detection of
pathogens and harmful compounds in
liquid and solid waste.

Biosensors (for chemistry, pH,
pathogens) that can relay information
electronically and wirelessly.

Detection of evolved or invasive
organisms that could threaten
environment or health.

Biobased sensor within the interior
shell of the spacecraft to identify the
location of leakages or other damage
with a cell-based or cell-free indicator

(i.e., color change).

Short-term

Engineering Biology for Space Health

Directed evolution of proposed
microbial biosensors under on-Earth
and Low Earth Orbit conditions to
inform predictive models of functional
loss or potential invasive organism
traits.

Early pathogen detection for
bioreactors.

Medium-term

Predictive Al/ML tools using data
from past threats and anomalies to
understand future mutation outcomes,
i.e., fitness positive, neutral, or
pathogenic, impact for the human and
environmental ecosystems.

Achieve understanding of pathways
and networks of directed evolution
studies with species and consortium
growth on Earth and Low Earth Orbit
conditions to understand mutations
and adaptation processes of microbes
in different environments.

Long-term
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Goal: Continuous production, recycling, and remediation of habitat air.

Current State-of-the-Art: Using engineering biology, we can leverage biological processes as
a mechanism for air sensing, purification, and production, resulting in continuous access to
breathable habitat air. For NASA purposes, cabin air must meet very specific quality
standards to be considered acceptable, as per the Spacecraft Maximum Allowable
Concentrations (SMACSs), which define acceptable levels of air pollutants. Onboard air
systems must also include the ability to monitor, control, and prevent air pollution (NASA
OCHMO, 2023d). There are a variety of air purification and generation systems currently in
use onboard the International Space Station (ISS) that work together to provide clean air. The
Air Revitalization System (ARS) is responsible for temperature and humidity control and
cleans circulating cabin air through the removal of carbon dioxide, and trace contaminants
produced by, for example, onboard electronics (NASA, 2017; NASA OCHMO, 2023b; NASA
OCHMO, 2023a). Cabin air flows through three filtration units: an activated charcoal bed, a
catalytic oxidizer, and a lithium hydroxide bed; molecular sieves are used to remove carbon
dioxide (NASA, 2017; NASA OCHMO, 2023b). The Oxygen Generation Assembly (OGA)
generates oxygen for crewmembers aboard the ISS. Potable water from the Water Recovery
System (WRS) is electrolyzed, producing oxygen and hydrogen as a by-product; oxygen is
then delivered to the cabin for crew use, while hydrogen is utilized by the Carbon Dioxide
Reduction Assembly (CDRA) to regenerate the molecular sieves (NASA, 2017; Dominguez et
al., 2023; Jones, 2016). Captured carbon dioxide and hydrogen derived from the OGA are
used in a Sabatier Reactor to recover water. Methane is produced as a byproduct and is
vented into space (NASA, 2017). The CDRA is a closed-loop system, where power is the only
consumable required for operation, aiding in water conservation. The system does require
significant maintenance and replacement parts.

Engineering biology offers the opportunity to increase the air system efficiency,
reliability, resilience, and sustainability. Biological systems can complete habitat air
production, recycling, and remediation reactions at low temperatures using abundant
materials and self-regenerating catalysts. Biosensing technologies can be applied to cabin air
monitoring systems for stable, functional, and eventually self-replicating sensing networks.
Protein engineering of relay systems and transcription factors can be leveraged to detect air
contaminants in real time and synthetic olfactory receptors may be able to detect odorants in
recycled air that may cause discomfort (Quijano-Rubio et al., 2021). Engineered microbes,
plants, and fungi may be used to filter environmental contaminants, either through biological
or physical means. Any carbon captured through these processes may then be used for
biomanufacturing of food, pharmaceuticals, or materials (Santomartino et al., 2023). A
continuous, self-sustaining, cell-free bioreactor could be developed that generates oxygen
while actively scrubbing carbon dioxide. A self-sustaining air microbiome could be established
that further promotes crew health and well-being, with the potential to integrate with the
spacecraft ECLS system. Current needs for further development include, but are not limited
to, a greater understanding of microbial ecology in enclosed habitats, and modeling that
accurately captures parameters and operation space where biology would either be desired or
meets energy and resource demands that cannot be met abiotically.
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Breakthrough Capability: Continuous biomonitoring of habitat air.
e Short-term Milestone: A comprehensive understanding of microbial ecology of habitat air
in various enclosed environments (e.g., ISS, lunar and Mars transit, lunar and Mars base

habitats).
o Bottleneck: Reference materials and calibrants for airborne microbial
surveillance.

m Potential Solution: Leverage solutions from DHS Biowatch program, DoD
surveillance programs, and ARPA-H BREATHE program (ARPA-H, 2024;
DHS, 2024).

e Short-term Milestone: Multi-component biomolecular signal relay systems and
transcription factors to detect specific air contaminants of concern (e.g., volatiles) (NASA
OCHMO, 2023d; Quijano-Rubio et al., 2021).

o Bottleneck: Molecular properties of air contaminants may differ on Earth
compared to extreme environments, such as in space.

m Potential Solution: Identify and engineer two-component sensors to detect
target contaminants at low nanoMolar (nM) concentration under varying
humidity and temperature.

o Bottleneck: Identification of transcription factors for each air contaminant.

m Potential Solution: Large scale screening of transcription factors from
environmental samples.

m Potential Solution: Protein design using directed evolution, de novo
design utilizing Alpha Fold and related design tools.

e Medium-term Milestone: Engineer immobilized synthetic olfactory receptors to detect
specific odorants or volatiles in recycled air.

o Bottleneck: Identification of olfactory receptors for all odorants.

m Potential Solution: Bioinformatics to help predict interactions between
receptors and odors.

m Potential Solution: Engineer olfactory receptors that are able to detect all
desired odorants.

o Bottleneck: Incorporate hybrid materials and membranes that use biological
olfactory receptors with electrical interfaces (“nose-on-a-chip”).

m Potential Solution: A chip with all 400 olfactory receptor-based sensors
can be used to combinatorially detect all the odorants/volatiles in the
environment.

e Medium-term Milestone: Real-time biosensing of habitat air that overcomes slow
biological response.

o Bottleneck: Commonly used biosensors based on gene expression circuits
require time for an input to activate or inhibit the production of output signal.

m Potential Solution: Exploit rapid biophysical properties such as inducible
biomolecular condensate formation to control reporter output.

m Potential Solution: Engineer enzymatic sensors that activate a reporter
through post-translational modification or biosynthesis of an indicator
component.

Engineering Biology for Space Health 91


https://arpa-h.gov/research-and-funding/programs/breathe
https://www.dhs.gov/archive/detecting-bioterrorism
https://www.nasa.gov/wp-content/uploads/2023/12/ochmo-tb-015-spaceflight-toxicology.pdf
https://www.nasa.gov/wp-content/uploads/2023/12/ochmo-tb-015-spaceflight-toxicology.pdf
https://doi.org/10.1038/s41586-021-03258-z

€ EBRC

m Potential Solution: Fluorescent-based protein sensor switches that
change conformation upon binding of the chemical.

o Bottleneck: Biosensors with high sensitivity and reliable data output in real-time.

m Potential Solution: Develop methods to record and report biosensor
activation and signal dynamics to interface with computers.

m Potential Solution: Optical scanning and colorimetric or fluorescence-
based detection.

e Long-term Milestone: Stable, functional, self-replicating biosensor arrays for air
monitoring in microgravity environments.
o Bottleneck: Differing sensing and reporting requirements for biological systems
(e.g., bacteria, fungi, or phages).

m Potential Solution: Engineer biofilm communities to sense combinations
and gradients of volatiles to report concentration and spatiotemporal
dynamics.

m Potential Solution: Engineered electroactive microbes and microbial
consortia with unique sensing capabilities that relay an electronic signal in
response to their environment.

Breakthrough Capability: Bio-based filtration of biotic and abiotic pollutants from circulating
habitat air.
e Short-term Milestone: Microbes able to sequester particulate matter and other
contaminants (NASA OCHMO, 2023d).
o Bottleneck: Known library of particulates and contaminants and biological
mechanisms to capture them.

m Potential Solution: Analyze air samples from different flight and habitat
environments to understand the major contaminants and concentrations.

e Short-term Milestone: Enzymes capable of decontamination immobilized into porous
structures built specifically for ISS or habitat module air filtration systems.
o Bottleneck: Enzymes exhibit high instability and turnover.

m Potential Solution: Enzyme cascades or enzymes attached to quantum
dots in close proximity can improve kinetics (Breger et al., 2023).

m Potential Solution: Continuous directed evolution of enzyme or Al-driven
design to enhance stability and activity in space environments.

o Bottleneck: Enzymes may require re-activation, specific coenzymes, or other
molecules for optimal or continuous function.

m Potential Solution: Establish minimal requirements (e.g., through rational
or de novo protein design) for enzyme function.

m Potential Solution: Engineer suitable feedback loop for continuous use.

o Bottleneck: Enzymes appropriate for the air contaminants must be selected.

m Potential Solution: Identifying enzymes from biochemical reaction
databases (e.g. BRENDA, KEGG, Expasy) that are compatible with
common air pollutants.

m Potential Solution: Utilize transcriptomics data to mine relevant enzymes
for air contaminants decomposition.
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o Bottleneck: Liquid environments are typically required for enzyme activity.

m Potential Solution: Bioengineer materials such as polysaccharides with
tunable hydrophilicity and binding protein domains to support enzyme
docking and activity.

m Potential Solution: Coat immobilized enzymes with a material that retains
moisture but is permeable to air contaminants.

m Potential Solution: Utilize liquid flow-through technologies (similar to
bubbling gasses through a liquid culture on Earth) for gas transfer.

o Bottleneck: Enzyme-doped materials require expensive scale-up and purification
to manufacture.

m Potential Solution: Engineer extremotolerant enzymes that require
minimal purification from production hosts (i.e., secreted or effective when
used as crude lysate) and can withstand membrane or porous material
manufacturing.

e Medium-term Milestone: Engineered microbes that employ nhew non-Calvin cycle carbon
dioxide (COy) fixation pathways that more efficiently capture excess CO; and pollutants
from the circulating air habitat (Maurya et al., 2023; Cao et al., 2019).

o Bottleneck: Limited research that examines microbe-assisted phytoremediation in
air pollutants.

m Potential Solution: Identify relevant degradation enzymes and uptake and
removal mechanisms of air pollutants by microbes with non-Calvin cycle
CO; fixation pathways (Westernberg & Peralta-Yahya, 2023).

o Bottleneck: Pollutants toxic to human health may also be toxic to bacteria/plants.

m Potential Solution: Engineer or evolve organisms against toxicity.

m Potential Solution: Maintain a microbial, organismal, gene, or plasmid
library for specific applications against toxicity.

m Potential Solution: Engineer bacteria or plants with improved
detoxification capacity and the ability to sequester toxic chemicals.

o Bottleneck: Microbial capacity to sequester CO: is limited so far.

m Potential Solution: Combine plants and microbes together to improve CO»
sequestration levels; the efficiency of phytoremediation could be
improved by gene editing the plant themselves with genes from microbes
(Pandey & Bajpai, 2019).

e Medium-term Milestone: Plants and plant-derived structures able to filtrate pollutants.

o Bottleneck: Surface area and diffusion rate of plants and plant-derived structures
are limited by space conditions.

m Potential Solution: Engineer plants with increased surface area, biofilm
adherence, and degradation capabilities for increased air filtration.

m Potential Solution: Engineer plants for maximum air uptake through
stomata and larger intercellular spaces.

o Bottleneck: Unknown identity of air contaminants prevents targeted engineering
to eliminate.

m Potential Solution: Characterize typical air contaminants in the space
environment.
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e Medium-term Milestone: Fungi able to produce mycelium structures that can act as
physical and chemical filters.
o Bottleneck: Controlled assembly and composition of mycelium structures.

m Potential Solution: Use genetic tools to implement new phenotypes based
on fundamental structure-function relationships of mycelium

m Potential Solution: Increase selectivity by adding a protein adsorbent as
part of the mycelium structure (Urbina et al., 2019).

m Potential Solution: Engineer fungi to produce mycelium with required
biological functions to enable directed production of biomaterials for air
filtration (Chen et al., 2024).

o Bottleneck: Limited knowledge around metabolic pathways in mycelium.

m Potential Solution: Conduct more research or use computerized modeling

to increase understanding of fungi production of mycelium as a filter.
e Long-term Milestone: Genetically engineered space crop plants and phyllosphere
epibionts that sense, filter, and decontaminate biotic and abiotic pollutants.
o Bottleneck: Space crop plants with desired air filtration properties that can
maintain stability and function in space.

m Potential Solution: Engineer novel phyllosphere epibionts to stably
colonize plants and provide desired air filtration functions.

o Bottleneck: Ensure organisms are able to withstand extreme conditions while
maintaining optimized air filtration capacities.

m Potential Solution: Engineer relevant biological entities (plant seeds,
rhizosphere components) to be radiation and temperature resistant with
the ability to enter long-term stasis at room temperature through spores or
lyophilization.

m Potential Solution: Test the survival of organisms under accelerated
selection pressure for traits that enable robust growth under known and
predicted space ecosystems.

Breakthrough Capability: Robust bioprocesses for production, capture, and conversion of
environmental gasses to habitat air.

e Short-term Milestone: Microbial consortia able to fix carbon dioxide (CO;) and produce
Oxygen (Oy).

o Bottleneck: Potential organisms must be analyzed by evaluating large datasets to
generate optimal consortia for conversion of CO;to O..
m Potential Solution: Utilize Al and machine learning to generate and refine
models of existing consortial organisms that fix CO; and produce O..

e Short-term Milestone: A proof-of-concept modular or adaptable biochemical pathway
that sequesters carbon monoxide (CO) that could be implemented across different cell
types or in a cell-free system.

o Bottleneck: Optimizing enzymes with desired function in naturally-occurring
carbon monoxide sequestering pathways.
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m Potential Solution: Prototype biochemical pathway candidate in cells or
cell-free system to identify the plausible reconstruction of CO-
sequestering pathway prior to installation to living organisms.

o Bottleneck: Storage of sequestered CO and other compounds.

m Potential Solution: Modular connection of CO-sequestration with CO-
valorization pathways.

e Medium-term Milestone: Space-tolerant organisms with carbon sequestration pathways.

o Bottleneck: Carbon sinks in microbes may reduce overall availability of carbon for
spaceflight participants.

m Potential Solution: Modular design of sequestration and carbon fluxes to
useful products or feedstocks (i.e., commodity chemicals) (Gao et al.
2022).

m Potential Solution: Robust high-flux secretion systems for microbial
biomass (e.g., biofilms, exopolysaccharide, polymers, etc.).

m Potential Solution: Programmable or inducible systems for controlling
bioprocesses in non-model organisms capable of gas metabolism,
including methanogens, methanotrophs, acetogens,
chemolithoautotrophs, etc.

o Bottleneck: Bioprocesses involving multiple components that need to be induced
at the same time, such as multi-step enzymatic reactions, are under-developed.

m Potential Solution: Use a common inducible regulator for all components
or encode all components in a single operon.

m Potential Solution: Harness endogenous systems for co-translation or
alternative RNA splicing.

o Bottleneck: Limited metabolic engineering tools to genetically manipulate non-
model organisms capable of gas metabolism.

m Potential Solution: Multiplexed CRISPR-Cas tools for relevant non-model
organisms.

e Medium-term Milestone: Autotrophic organisms capable of rapid carbon fixation and
interconversion to quickly balance environmental and energy demands in space
habitats.

o Bottleneck: Autotrophy is rate-limited by the concentration of the carbon-fixing
mechanism’s reactants and availability of energy to drive the reaction.

m Potential Solution: Engineer bifurcated and dismutable metabolic
pathways.

m Potential Solution: Design synthetic energy-conserving electron
bifurcating enzyme complexes (i.e., methanogenesis and PSII).

m Potential Solution: Novel biochemical pathways with optimized rate-yield
balance that are appropriate for the intended application.

m Potential Solution: Engineer adaptable enzymes that operate with high
efficiency in various environmental conditions (i.e., RuBisCO with high or
low CO; atmosphere).

m Potential Solution: Use AI/ML to predict carbon fixation and conversion of
enzymes under extreme environmental conditions.

Engineering Biology for Space Health 95


https://doi.org/10.1038/s44160-022-00205-2
https://doi.org/10.1038/s44160-022-00205-2

€ EBRC

m Potential Solution: Develop biological/electrical interfaces that can use
electrical energy as a driving force for biochemical reactions.

e Medium-term Milestone: Microbial consortia capable of highly-efficient CO, capture and
O, production (Fahrion et al., 2021).

o Bottleneck: Existing consortia may not be able to capture and produce the
amount of gasses necessary due to volumetric biomass, water requirements, and
gas-liquid mass transfer limitations.

m Potential Solution: Engineer hypersaline microbes capable of
photosynthesis, methanogenesis, and acetogenesis under different water
activity levels.

m Potential Solution: Utilize metabolic engineering and directed evolution to
enhance the gas metabolism in desired organisms.

m Potential Solution: Develop bioprocesses that can rapidly (<12h) scale up
and down to maintain habitation thresholds.

m Potential Solution: Develop novel bioreactors with high-efficiency CO,
delivery systems.

o Bottleneck: Stability of multiple genetic programs across members of microbial

consortia.
m Potential Solution: Engineer kill-switches or inactivation under certain
conditions.

e Medium-term Milestone: Harness pathways characterized from organisms with desired
metabolic activity to build cell-free bioreactors capable of CO capture at concentrations
relevant to the space context.

o Bottleneck: Enzymatic sequestration outside of typical aqueous solution.

m Potential Solution: Engineer surface-associated CO sequestration or
transformation into biofilms, mycelia, and plant tissues.

m Potential Solution: Use chemical scrubber cartridges to capture CO from
air and regenerate through solvent release into liquid culture medium
(e.g., fresh or saline water).

m Potential Solution: Enzymes that work in solid state and micellar levels of
water to convert CO.

e Long-term Milestone: Autonomous biofiltration system capable of regulating CO, and O»
concentrations in the space environment.

o Bottleneck: Integration of system with materials involved in ventilation, filtering,
and central air (adsorbed or a DSP step).
m Potential Solution: Incorporate engineered biosensors that provide
electronic signals relaying status in real-time.
m Potential Solution: Encapsulate cells or cell-free lysate in a membrane to
sense and respond to contaminants.
o Bottleneck: Creation of synthetic cells that are self-replicating and self-sustaining.
m Potential Solution: Encapsulate synthetic chromosome(s) with necessary
proteins and small molecules within artificial vesicles or natural
membranes.
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o Bottleneck: Creation of biological organisms capable of monitoring and regulating
CO; and O levels through gas-consuming and -forming reactions.

m Potential Solution: Biological systems that are engineered for a specific
range of CO, and O, concentrations; lack of signaling from these
pathways could trigger translation of enzymes or signal pathways that
bring the system back to set point (Luo et al., 2022; Schwander et al.,
2016).

o Bottleneck: Biological systems exclusive of plants or photosynthetic organisms
able to convert CO; in the environment into mission-important compounds,
materials, or products.

m Potential Solution: Engineer CO, consuming organisms for the production
of value-added products (e.g., polymers, food).

m Potential Solution: Engineer Escherichia coli to convert CO; into value-
added products.

m Potential Solution: In vitro cell-free systems for rapid bioconversion of
CO; into value-added components without loss of carbon to biomass
(Jack et al., 2022).

Breakthrough Capability: Robust, complex habitat air microbiome.

e Short-term Milestone: A comprehensive understanding of microbial composition of
habitat air in various enclosed environments (e.g., positive control planet-side that is
beneficial for health, ISS, lunar transit, Mars transit, lunar base, Mars base).

o Bottleneck: Validation of new and existing technologies with current reference
materials and calibrants.
m Potential Solution: Leverage solutions from DHS Biowatch program and
include metagenomic sequencing (DHS, 2022).

e Medium-term Milestone: Compose or engineer an air microbiome that is self-sustaining

in a microgravity environment.
o Bottleneck: Limited data on the effect of microgravity on the composition of
healthy microbiomes that exist in the Earth gravitational environment.
m Potential Solution: Establish a testbed for long-term stability test in
microgravity environment.
o Bottleneck: Evaluation of microbiome stability is difficult without high-throughput
sequencing infrastructure.
m Potential Solution: Develop a miniature sequencing system, such as
MinlON, that is capable of deep sequencing at the microbiome level in
space (Oxford Nanopore Technologies, 2024).
m Potential Solution: Tag individual microbial consortia members with a
unique fluorophore that can be used to assess changes in abundance.

e Long-term Milestone: A spacecraft with engineered microbiomes integrated into
spacecraft that enhance air and life support systems

o Bottleneck: Limited understanding of the long-term stability and evolution of
engineered microbiomes in the space environment.
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m Potential Solution: Conduct long-duration studies on microbiome stability
and function under simulated spacecraft conditions, including radiation,
microgravity, low pressure, temperature fluctuations, and habitat cycling.

Goal: Continuous, on-demand fresh water.

Current State-of-the-Art: Access to clean water is essential for crew health and safety on long-
term missions in space. About one gallon of water per person per day is used for
consumption, food preparation, and hygiene (Gaskill, 2023; NASA OCHMO, 2023e). Sources
of water for filtration on the International Space Station (ISS) include urine, air condensate,
and excess water from payload or maintenance activities, for which filtering, chemical
treatment, and vacuum distillation is relied on for recovery of water (Gaskill, 2023). The ISS
Water Recovery System (WRS) consists of the Urine Processor Assembly and Water
Processor Assembly (NASA, 2017; Williamson et al., 2023). Water purity is checked by
electrical conductivity sensors within the systems. ISS water and environmental control
systems also employ a microbial check valve (MCV), a device designed to prevent the
transfer of viable organisms within onboard water systems, to avoid bacterial contamination
(Colombo & Greenley, 1980). The recovered water must meet stringent purity standards
before it can be used to support crew activities. Currently, the WRS can recover and recycle
an average of about 93-94% of the water on the ISS. A major water source that is currently
not recoverable, is solid human waste (which is about 75% water). While impressive, a long-
term mission in the future will require at least 98% water recovery to maintain crew health. A
Brine Processor Assembly (BPA) was recently tested aboard the ISS to evaluate its ability to
operate in microgravity, helping bring the Water Recovery System closer to the goal of 98%
recovery. Additional standardization and flight certifications are still needed for proper use
(Gaskill, 2023). Limitations on available physical space for water purification systems
introduce the additional challenge of reducing the footprint and complexity of onboard filtration
systems.

Biology is uniquely suited to address the challenge of water purification and generation
in low resource environments. Biological processes can be leveraged for improved water
sensing, purification, and generation, enabling continuous and on-demand access to fresh
water. Engineering biology presents the opportunity to further improve and refine the Water
Recovery System’s (WRS) capacity and efficiency. Water recycling on the ISS does not
currently employ biological processes, even though this is standard for secondary sewage
treatment on the Earth (Sravan et al., 2024). Identification of biological pathways and activities
that mimic current ISS chemical and physical distillation processes will help to establish
engineering biology-enabled technologies capable of total water purification.

The identification and classification of potential contaminants and possible biological
interventions will catalyze advancements in biosensor and bioremediation solutions for
contamination in potable water systems. Contamination of potable water occurs mainly
through the contamination of ground-supplied water, in-flight contamination (human metabolic
products, chemicals and materials transferred from the spacecraft atmosphere), and the
intentional addition of compounds (iodine for biocidal properties and/or minerals for flavor and
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dietary enhancement) (NASA OCHMO, 2023e). Engineered microbial consortia may be used
for water decontamination and adaptation to emerging pathogens, including the development
of novel pathogens for rapid control of evolved biofouling microbes.

Collectively, there are numerous opportunities to leverage engineering biology for
onboard recycling and generation of fresh water, many of which can be leveraged for other
uses as well. Bio-based or bio-enabled materials can help to monitor, purify, and generate
water onboard spacecraft for the health and safety of crew members during long-term flight.
For example, bioplastics have been used as water filters to remove microbes. Microbial
desalination cells (MDC) may be leveraged to produce fresh water while breaking down
organic matter, removing ions, and generating electricity. And trace elements may also be
recovered through biological processes for further use in other onboard fermentation
processes.

Breakthrough Capability: Biosensing and bioremediation of contamination in potable water
systems.
e Short-term Milestone: Identified potential water system microbial contaminants in space
environments to target with biosensors.
o Bottleneck: Limited data collection and testing of potential microbial contaminants
on the ISS.

m Potential Solution: Study microbial physiology of human-associated and
environmental microbes under microgravity and partial-gravity conditions
to better understand and predict microbial phenotypes in space (Tender,
2024).

o Bottleneck: Long-term, real-time monitoring of changes in microbial
contaminants.

m Potential Solution: Use of LAMP, miniPCR, or MinlON technologies for
targeted detection and sequencing onboard spacecraft of specific
contaminants (O’Neil, 2024).

m Potential Solution: Use human gut microbiome reference materials to
increase accuracy of identification from sequencing data (NIST, 2024).

m Potential Solution: DNA-based flow assays for rapid detection and
identification of pathogens (e.g., SHERLOCK) (Kellner et al., 2019).

m Potential Solution: Handheld Raman spectrometry or paper-based
biosensor for pathogen detection.

e Short-term Milestone: Biological interventions to selectively target and eliminate
microbes of concern in the water supply.
o Bottleneck: High prevalence of antimicrobial resistance among waterborne
pathogens.

m Potential Solution: Engineer a suite of phages that can selectively target
microbes of concern in the water supply.

m Potential Solution: Introduction of bioengineered cells, such as yeast, that
secrete antimicrobial peptides or glycosyl hydrolases to disrupt bacterial
cells and biofilms.
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m Potential Solution: Filter the microbes from the water supply with plants.

m Potential Solution: Engineer antimicrobials activated by exposure to
specific microbes of concern.

o Bottleneck: Phage contamination that could destroy other microbial production
hosts onboard.

m Potential Solution: Detection of pathogenesis biomarkers from microbes
of concern.

o Bottleneck: Evolution of phage resistance to antimicrobial treatments.

m Potential Solution: Phage therapeutics to infer pathways and processes of
evolution (Sentinel Environmental, 2024).

m Potential Solution: Engineer synthetic phages to counter problematic
phage strains.

o Bottleneck: Ability to predict specific contaminants in the future water supply.

m Potential Solution: Deploy high-throughput screening approaches, such
as seqguencing and mass spectrometry on the ISS, commercial space
stations, and lunar habitat to catalog contaminants in current and future
water recovery and storage systems.

m Potential Solution: Use high-throughput screening techniques to identify
natural or engineered organisms that can degrade specific contaminants.

m Potential Solution: Reprogrammable CRISPR-Cas systems that secrete a
short-lived microbial toxin to specific pathogens responsible for observed
microbial contamination.

e Short-term Milestone: Biomaterials that are resistant to biofilm formation for water
filtration systems (Jiang et al., 2024).
o Bottleneck: Lack of microbial attachment to materials may compromise water
treatment capability of the microbes.

m Potential Solution: Embedded, fiber-based or self-contained units with
proteins capable of binding bacterial surfaces to support engineered
microbes for water treatment (Shiral Fernando et al., 2023).

e Medium-term Milestone: Ability to detect and disrupt biofilms that may arise in water
recovery and storage systems.
o Bottleneck: Limited detection systems for biofilms.

m Potential Solution: Engineer production of small antagonists for quorum

sensing of biofilms.
e Medium-term Milestone: Capability to produce novel phages on space missions for rapid
control of evolved biofouling microbes.
o Bottleneck: Limited cargo capacity to establish space-based infrastructure for
phage engineering.

m Potential Solution: Leverage cell-free expression systems for rapid, on-
pot expression of phages to reduce infrastructure and reagent
requirements (Levrier et al., 2024).

m Potential Solution: Reduce infrastructure requirements for phage display
by transitioning traditional screening methods to multi-well plate format
(Ng et al., 2021).
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e Long-term Milestone: Microbial systems and consortia for decontamination that can
adapt to dysbiosis and emerging pathogens.
o Bottleneck: Detecting unbalanced microbial systems and identifying the
undesirable population.
m Potential Solution: Nano-sequencing combined with a functional
prediction platform to characterize populations, such as SeqScreen that
includes both taxonomic and functional prediction for all microbes (Balaji

et al., 2023).
o Bottleneck: Rebalancing the microbial system with minimum impact on the active
population.

m Potential Solution: Engineered synthetic phage as microbiota modulators
to target and destroy pathogenic species in a population (Singha et al.,
2023).
e Long-term Milestone: Decontamination of water by infiltration percolation through fungal,
plant-soil, or plant-hydroponic substrates.
o Bottleneck: Lack of appropriate material for infiltration percolation.
m Potential Solution: Systematic exploration of regolith (size and
composition) as potential filtration material, to determine optimal packing
properties (Benbouzid et al., 2024).
o Bottleneck: Accumulation and concentration of inorganic salts and ions in the
collected potable water.
m Potential Solution: Biological ion exchange in bacteria to selectively
remove specific ions and salts from water (Liu et al., 2020).
m Potential Solution: Use halophilic microbes such as Bacteroidetes and
Chlorofiexi for desalination and bioremediation (Huang et al., 2020;
Harpke et al., 2022).

Breakthrough Capability: Highly-efficient biobased recycling and purification of wastewater.’
e Short-term Milestone: Plant barriers, combined with synthetic water pumps, specific for
wastewater contamination in NASA systems.
o Bottleneck: Efficiency of plants to uptake a wide range of pollutants.
m Potential Solution: Introduce beneficial microbes to enhance the ability to
uptake or filter contaminants through synergistic relationships with plants.
o Bottleneck: Achieving optimal growth conditions for plants in a microgravity
environment.
m Potential Solution: Engineer closed growth systems with controlled
humidity, temperature, and light conditions.
m Potential Solution: Use specialized soil that retains water and nutrients for
plant uptake in microgravity.

7 In comparison with the below Breakthrough Capability which focuses on remediation of contaminated
water in rapid response to an unexpected event, this Breakthrough Capability focuses on normal,
ongoing, and sustainable water system operations.
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e Short-term Milestone: Engineered biological components that enhance self-regeneration
of membrane filters.

o Bottleneck: Ability to generate biological components that can be sustained in
filters.

m Potential Solution: Genetically modify biological components for
persistence in continuous flow environments.

e Short-term Milestone: Identified biological processes that mimic current ISS chemical
and physical distillation.

o Bottleneck: Current ISS water systems are designed to minimize microbial
growth whenever possible, limiting testing and implementation.

m Potential Solution: Characterize any natural biofilms accumulating in ISS
systems to understand limitations in current filtration systems and
circumstances promoting biofilm growth and development.

m Potential Solution: Study microbial community structure and physiology of
wastewater management systems in situ and under low-gravity conditions
and how they change with time and feedstock.

e Short-term Milestone: Utilize urine distillation brine as a source of salts and minerals for
defined culture medium for fermentations, plant fertilizer, or other uses (Speight et al.,
2024).

o Bottleneck: Concentration of toxic compounds.

m Potential Solution: Use of a microbial consortium in a medium that will
tolerate and reduce concentration of toxic compounds.

m Potential Solution: Selectively filter or sequester toxic compounds away
from useful compounds with engineered microbes.

m Potential Solution: Biochemically convert urea from urine into valuable
products such as fatty acids, volatiles, or methane (Zhang et al., 2023).

m Potential Solution: Engineer or use adaptive evolution to reduce toxicity to
microbes.

o Bottleneck: Urine will have a broad range of pH, osmolarity, specific gravity, etc.

m Potential Solution: Include extremophile microbes with buffering
properties, such acidophilic and alkaliphilic microbes, in the consortium.

e Short-term Milestone: Expansion of state-of-the-art methods for the conversion of blood
into potable water.

o Bottleneck: Existing methods are proprietary and have been demonstrated only
with pig blood as the starting material (Veos, 2024).

m Potential Solution: Partner industry experts and researchers to develop
novel methods.

e Short-term Milestone: Reduce footprint and complexity of the filtration system to meet
mission requirements.

o Bottleneck: Purification process is costly and requires a large footprint that would
be unrealistic in low-resource settings.

m Potential Solution: Optimize a robust filtration system to utilize minimal
resources.
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e Medium-term Milestone: Algal and cyanobacterial farming systems that provide water
filtration (Revellame et al., 2021; Mapstone et al., 2022).

o Bottleneck: Algal growth requires sufficient light and tightly controlled CO>
conditions for optimized metabolic functions.

m Potential Solution: Use of purple non-sulfur bacteria for wastewater
remediation and biofertilization (Cerruti et al., 2020).

m Potential Solution: Engineering and use of algal strains, such as Galdieria
and Euglena, with adaptable metabolism to physio-chemical changes
likely in space, including low-light conditions.

e Medium-term Milestone: Microbial desalination cells (MDCs) used as a bio-
electrochemical system to break down organic matter in wastewater while
simultaneously generating electrical energy.

o Bottleneck: Accumulation of salts and other highly concentrated, and potentially
toxic, chemicals.

m Potential Solution: Couple enzymes capable of sequestering or
eliminating toxic chemicals with membranes to treat water without biofilm
formation.

m Potential Solution: Engineer microbes that are highly-efficient at biological
ion exchange, denitrification, and salt-accumulation.

m Potential Solution: Application of halophiles; for example, Vibrio
natriegens or Halomonas species are salt-tolerant and fast-growth
bacteria that are genetically tractable.

e Medium-term Milestone: Recovery and reuse of desired non-microbial contaminants in
wastewater for plant and microbial growth.

o Bottleneck: Limited quantity of materials and chemicals recovered for onward
utilization.

m Potential Solution: Bioaccumulation of trace elements through the
biological secretion of gelling agents (e.g., hydrophilic polysaccharides
such as hemicellulose or pectin) that sequester metal cations; these
hydrogels could be reintroduced into the plant growth matrix.

o Bottleneck: Re-capture of trace elements and contaminations after
biosequestration.

m Potential Solution: Harvest and physically separate cells using
membranes or magnets.

e Long-term Milestone: Microbial consortia capable of total water purification and
reclamation of ion, nitrates, and salts for other uses.

o Bottleneck: Microbes that do not naturally coexist in the same ecological niche
may be required for removal of NaCl, nitrates, and other salts.

m Potential Solution: Create a structured or staged microbial consortium
that can processively remove the necessary components.

o Bottleneck: Lack of measuring capabilities of the metabolic exchange among
microbes, driving negative interactions in consortia and decreased consortia
biodiversity.
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m Potential Solution: Robust and scalable cross-feeding circuits based on
synthetic communities.

m Potential Solution: Quick design of interventions based on principal waste
components with computational tools (Focil et al., 2024).

Breakthrough Capability: Generation and conditioning of fresh water from in situ resources.

e Short term Milestone: Scaled plant systems that desalinate water for enhanced water
recycling (Medford et al., 2023).

o Bottleneck: Slow time to engineer and edit plant platforms.

m Potential Solution: Use Al and ML algorithms to predict most efficient
conditions for rapid plant growth.

e Short-term Milestone: Map of water net-positive (chemically producing water) and water
net-negative (chemically destroying water) metabolic processes known in current
microbial strains to aid design choices for overall water balance.

o Bottleneck: Characterization of metabolic water dynamics in microbes would
generate extensive data.

m Potential Solution: Modeling that buckets circuits and pathways with
similar processes where a single engineering tool would be sufficient.

e Short-term Milestone: Highly-efficient ethanol bioproduction and bioreclamation cycle for
salt fractionation.

o Bottleneck: Lack of efficiency in processing waste feedstocks to final composition
of ethanol brine.

m Potential Solution: Engineer microbes to improve fermentation efficiency
and resistance to conditions in brine.

e Medium-term Milestone: Engineered microalgae for biodesalination (Nadersha &
Hassan, 2022).

o Bottleneck: Lack of understanding in resource allocation of hyper-halotolerant
microbes.

m Potential Solution: Characterization of the metabolism of hyper
halotolerant microalgae to high salinity (Wei et al., 2017; Tibocha-Bonilla
et al., 2023; Rickard, 2023).

e Medium-term Milestone: Engineered edible microalgae for combined food production
and water treatment.

o Bottleneck: The leftover waste may have an imbalance of salt, nitrogen, carbon
ratio, and residual contaminants.

m Potential Solution: Engineered plant cell walls with required charge to
sequester unwanted contaminants, such as heavy metals released from
cadmium-plated components through corrosion (Khan-Mayberry et al.,
2011; Parrotta et al., 2015).

e Medium-term Milestone: Microbial consortia implemented for freshwater generation from
brine.

o Bottleneck: Toxicity from accumulation of certain types of salt.
m Potential Solution: Engineered microbes to remove specific salts.
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e Long-term Milestone: Self-generating, self-renewing organismal consortia for freshwater
generation without long-term maintenance.
o Bottleneck: Genetic drift may reduce water filtration quality.
m Potential Solution: Couple water-conditioning to growth in microbial
consortia that utilize the undesired contaminants as energy-source (Ruff
et al., 2023).

e Long-term Milestone: Conversion of ambient and waste gases (e.g., methane, hydrogen,
and oxygen) into water by microbes (Ortiz et al., 2021; Siebert et al., 2021; Chu et al.,
2020).

o Bottleneck: Bioavailability of methane, hydrogen, and oxygen.
m Potential Solution: Identify the most efficient species of microbes that can
maximize water output with minimal gas input.

Goal: Waste remediation and recycling.

Current State-of-the-Art: Improved waste management, remediation, and recycling are
necessary to support long-term human spaceflight. The waste management systems actively
in use are adequate for current mission needs, but are not sufficient for missions longer in
duration and further from Earth. Together with biological waste, a large portion of future
payloads will include synthetic waste, such as electronics, packaging, and clothes. These
materials are not currently considered in classic life support systems; however, they contain
valuable carbon, oxygen, hydrogen, metals, and other elements. If recycled, they could
become precious feedstock materials, particularly for long-term missions where supply-chains
are limited or impossible (Santomartino et al., 2023). A focus on recycling rather than disposal
will also increase the sustainability of all future human space exploration endeavors.

Waste remediation procedures for spaceflight do not currently include solid waste
processing and instead focus on waste storage (Simon et al., 2017). Solid waste management
on the ISS relies on astronauts to manually load waste into bags for short-term storage. The
waste is eventually either returned to Earth or ejected from the aircraft, burning up in Earth’s
atmosphere. NASA’s Trash to Supply Gas project (TtSG) investigated the effectiveness and
efficiency of a variety of waste processing techniques (including incineration, steam reforming,
ozone oxidation, pyrolysis, and catalytic wet air oxidation) for conversion to useful products
(Caraccio & Hintze, 2013; Benvenuti et al., 2020). NASA’s Waste to Base Materials
Challenge, sought novel solutions to the conversion of waste from different streams (including
general trash, fecal material, foam packaging, and exhaled carbon dioxide) into usable base
materials for propellants and other products. Two additional challenges, the Trash-to-Gas
Management Challenge and the Waste Jettison Mechanism Challenge were subsequently
launched to further catalyze research and development (Douglas, 2022). These initiatives are
all part of the broader Logistical Reduction and Repurposing (LRR) effort led by NASA to
reduce logistical mass during long-term spaceflight and habilitation (Caraccio & Hintze, 2013;
Benvenuti et al., 2020). Although not yet realized, NASA’s Advanced Exploration Systems
Mars Transit Habitat (MTH) Refinement Point of Departure Design includes plans for a human
waste collection system and a compactor/storage system at a combined 67 kilograms (not
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accounting for the mass of human waste, which can be estimated at a wet weight of 100-500
grams per person per day) (Simon et al., 2017).

The Advanced Life Support Sizing Analysis Tool (ALSSAT) is a computer model that
performs analysis of conceptual designs for ECLSS systems for spacecraft and surface
habitats. Intended for use on missions to the Moon and Mars, the program includes
considerations for biological and physicochemical processes. The tool aids researchers in
investigating and understanding combinations of advanced life support (ALS) systems to
optimize waste processing efficiency (Yeh et al., 2005; Benvenuti et al., 2020). Waste
management techniques are an area of great interest to space agencies and increased
investment signals a need for advancement. Engineering biology offers a variety of solutions
to improve waste management in low-resource environments.

Human waste is possibly one of the most accessible mediums for bioprocessing.
Numerous microbial technologies are available and could be optimized for the processing of
human waste, including the recovery of valuable nutrients, chemicals, and compounds.
Recent research investigating the use of Black Soldier Fly larvae (BSFL) to recycle human
waste offers an additional alternative to solid waste management (Banks et al., 2014;
Purkayastha & Sarkar, 2023). Currently, human waste is not an ideal substrate for the
production of BSFL biomass, as it has a low nutritional profile and is a volatile growth medium,
but has the potential for optimization through the application of engineering biology
technologies (Purkayastha & Sarkar, 2023). Engineering biology introduces the potential for
human waste-derived nutrients and hydroponic growth media that support plant growth,
further promoting the closed-loop conversion of solid waste into food precursors and other
products.

Engineered biology can also be used to process other biotic and abiotic waste
streams. On Earth, anaerobic digestion for agricultural and municipal waste has been
extensively researched and has potential spaceflight applications with slight modification, as
spaceflight waste streams will vary from those produced on Earth. Further studies should
investigate the use of anaerobic digestion in space, particularly how the space environment
will impact its function and operation (Benvenuti et al., 2020). Toward this end, the European
Space Agency (ESA) spearheads the Micro Ecological Life Support System Alternative
(MELISSA), which aims to optimize digester design for use in space and improve biogas yield
(Benvenuti et al., 2020; ESA, 2024).

Microbial strains and consortia can be engineered to have a high tolerance to the
microbial inhibitors found in wastes. Unique biological traits, such as that of extremophiles,
can further expand wastes usable as feedstocks, highlighting the importance of novel
biological toolkits development that can function across a variety of organisms from model to
non-model chassis. And microbial degradation of single polymer plastics and packing
materials into polymers and/or monomers is a possibility with advancements in engineering
biology. Advanced solid waste processing technology, like anaerobic digestion and the use of
BSFL, also has possible applications in austere Earth environments, where resources and
physical space are limited, and system efficiency is of the utmost importance.
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Breakthrough Capability: Bioprocesses for human waste management.

e Short-term Milestone: Engineered microbial strains or consortia with high tolerance to
microbial inhibitors found in human waste (aromatic compounds, ammonia/salts).

o Bottleneck: Multiple genes and signaling pathways in microbial oxidative stress
that may alter strain functionality.

m Potential Solution: Multiplex knockout libraries or evolution strategies to
build tolerance for common inhibitors (or mixture of inhibitors).

m Potential Solution: Identification of pathways that detoxify the inhibitors
and can be provided as heterologous genetic cassettes.

m Potential Solution: Utilize a specific suite of strains to detoxify waste and
a different set of strains for biomanufacturing.

e Short-term Milestone: Human waste-delineated medium to support growth of a microbial
community to process human waste.

o Bottleneck: Granular microbiome measurement to improve sample preparation
and in-depth sequencing processes during space flight.

m Potential Solution: Develop rapid sequencing capabilities that require
minimal resources for relatively small-scale microbial communities.

e Short-term Milestone: Defined human-waste derived hydroponic growth media that
supports plant growth.

o Bottleneck: Human wastes, especially during spaceflight, may lack crucial
components for hydroponic growth.

m Potential Solution: Identification of missing or limited components and
potential alternative sources to generate or harvest those from within the
station or planetary surface systems.

o Bottleneck: Human waste composition varies over time and by person.

m Potential Solution: Compare human waste between individuals during
spaceflight to determine changes in composition over time.

m Potential Solution: Identify undesired compounds that may interfere with
the hydroponic growth and develop a method to remove the potential
contaminants.

e Short-term Milestone: Measurements of the mass-balance of carbon, nitrogen, oxygen,
and micronutrients and minerals for human waste consumption in insect larvae (e.g.,
black soldier fly) (Banks et al, 2014; Purkayastha & Sarkar, 2023).

o Bottleneck: Include all living systems (e.g., plants, microbes) on the space flight
in the mass-balance equation to ensure 100% organic matter recycling is more
realistic and predictable.

e Short-term Milestone: Food-safe insect larvae grown on human waste.

o Bottleneck: Risk of transferring human fecal pathogens.

m Potential Solution: Perform microbiome studies of larvae grown on human
waste to determine the rate of pathogen carryover.

e Medium-term Milestone: Microbial production strains with consistent output in varying
microbial communities, e.g., stool microbiomes.

o Bottleneck: Microbial strains must be able to out-compete the microbial
communities found in the waste-substrates.
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m Potential Solution: Leverage NIST Human microbiome reference material
to benchmark complex microbial communities.

m Potential Solution: Direct testing of liquid culturing of stool microbiomes.

m Potential Solution: Database of isolated gut (human and animal) or
sewage microbiota strains with characterized metabolisms.

o Bottleneck: Toxic volatile organic compounds produced from microbial
breakdown.

m Potential Solution: Generation of absorptive systems suitable for volatile
organic compounds.

m Potential Solutions: Engineer strains that do not produce or break down
volatile organic compounds.

Breakthrough Capability: Bioprocesses for biotic material waste management, including food
waste.
e Short-term Milestone: Fully characterized metabolic fluxes of lignocellulose
deconstruction and conversion by engineered microbiomes.

o Bottleneck: Microbial hosts with optimized efficiency to intracellularly deconstruct

and metabolize polymer byproducts.
m Potential Solution: Engineer a strain to add to the microbiome that can
increase metabolism of by-products.
e Short-term Milestone: Engineer fungi suitable for degradation of space-related plant
lignocellulosic materials that could also be used as a potential food source.

o Bottleneck: Identify fungi that can grow readily under Low Earth Orbit (LEO)
conditions.

m Potential Solution: Testing of different fungal mycelia growth and fruiting
body formation on the ISS.

o Bottleneck: Further breakdown of used mycelia waste to usable bioproducts

m Potential Solution: Return of waste to plant growing or microbial platforms
for further utilization or breakdown.
e Short-term Milestone: Identification of optimal insect candidates for waste-to-protein
production in space conditions (Scoles, 2023).
o Bottleneck: Limited understanding of insect motion in a microgravity environment,
particularly impacting containment.
m Potential Solution: Increase low gravity insect research.
m Potential Solution: Growth ‘reactors’ with a microgravity environment that
are suitable for insect production.
e Medium-term Milestone: Waste processing reactors that provide compatible feedstocks
for use in a food-producing bioreactor.

o Bottleneck: Different microbes possess a diverse degree of tolerance to
contaminants and catabolic capability, leading to potential incompatibility in
waste processing.

m Potential Solution: Utilization of compatible microbial consortia to break
down waste to simple feedstocks.
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m Potential Solution: Streamline microbial strains for each type of biological

wastes with the most suitable processing capacity.
e Medium-term Milestone: Efficient waste-to-gas (CO., CO, CH4, N2) conversions using
engineered microbial communities on a defined timeline.
o Bottleneck: Variations in the feedstock can cause the microbial community to
grow at different rates.

m Potential Solution: Use a robust microbial community that is able to
efficiently breakdown anything in the feedstock with few disturbances to
the overall degradation and conversion process.

e Medium-term Milestone: Biomaterial regeneration loops for chitin exoskeletons of insects
used for waste recycling (Tibbetts, 2023).
o Bottleneck: Removal of minerals and other proteins from the chitin so that they
are in a usable form.

m Potential Solution: Use the exoskeletons as a feedstock for microbial

cultures.
e Long-Term Milestone: Efficient downstream processes for separation and formulation of
edible products from non-edible components.
o Bottleneck: Multiple processes need to converge, which utilize high energy
processing steps.

m Potential Solution: Extracellular production of nutrients through cell wall

manipulation of microbes.
e Long-term Milestone: A complete closed-loop conversion of solid waste into food using
biological systems.
o Bottleneck: Mechanical degradation of solid waste requires new technology in
space habitat.

m Potential Solution: Use insects as mechanical decomposers to liquify
solid waste for downstream decompaosition by microbes.

m Potential Solution: Use fungi to decompose waste, particularly cellulosic
wastes.

o Bottleneck: Downstream processing and purification of bio-derived waste is
necessary for capturing recyclable molecules.

m Potential Solution: Use microbes or microbial consortia to catabolize
organic waste into common bioproducts (e.g., proteins or
polysaccharides) that can be easily isolated as food, material precursors,
or feedstock nutrients.

m Potential Solution: Engineer organisms specifically to purify bio-derived
waste products.

Breakthrough Capability: Bioprocesses for abiotic material waste management, including plastic
and electronic waste.
e Short-term Milestone: Effective genetic engineering tools for non-model microbes with
valuable native metabolism for processing mission waste streams.
o Bottleneck: Waste streams with carbon-rich components are under-utilized.
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m Potential Solution: Evolve native microbes that can utilize a variety of
carbon and nitrogen sources.

e Short-term Milestone: Database with bioconversion efficiencies and limitations of
platform systems (insect bioconversion, microbial bioconversion, etc.) for solid waste
bioconversion in operationally-relevant environments (e.g., low gravity, low resource).

o Bottleneck: Organism performance and gene expression differ vastly between
ground conditions and analogs in space.

m Potential Solution: Increased space-based testing (e.g., aboard the ISS,
via small satellites) of the performance and gene expression of different
organisms.

e Short-term Milestone: Efficient metabolic degradation of single polymer plastics under
space conditions.

o Bottleneck: Metabolic degradation is slow and requires high operating
temperatures.

m Potential Solution: Enzyme engineering and adapted laboratory evolution
(ALE) to develop fast plastic degrading microbes.

m Potential Solution: Opportunity to pair insect-microbe biosystems to
accelerate degradation of hydrolyzable polymers.

o Bottleneck: Limited knowledge of enzymes for non-hydrolyzable plastics
deconstruction.

m Potential Solution: Biomining and multi-omics enzyme discovery from
alternative sources of plastics deconstruction, such as landfill consortia.

o Bottleneck: Some polymers do not have known microbial degradation pathways.

m Potential Solution: Search for new metabolic degradation pathways for
plastics that are currently considered recalcitrant.

m Potential Solution: Targeted enzyme engineering to evolve existing
polymer degrading enzymes.

e Medium-term Milestone: Enzymatic degradation and recycling of mixed hydrolyzable
plastic polymers into tractable monomers.

o Bottleneck: Identifying the appropriate enzymes and their pathways for
degradation and recycling of plastic polymers.

m Potential Solution: Substantial research investment in searching for
natural sources (insect microbiomes) of appropriate enzymes.

m Potential Solution: Directed evolution and other protein design methods
for efficient enzymes.

o Bottleneck: Microbes often have regulatory pathways that restrict their ability to
utilize multiple feedstocks (from mixed materials) simultaneously.

m Potential Solution: Engineered consortia for plastic degradation and
recycling (Bao et al., 2023).

m Potential solution: Identify specialist microbes capable of deconstructing
key polymers and additives (for example, through bioprospecting insect
microbiota, landfills, etc.).

m Potential Solution: Engineer microbes to remove catabolite repression.

o Bottleneck: Secretion or separation of monomers from cell biomass.
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m Potential Solution: Engineered transport proteins to improve separation of
monomers.

m Potential Solution: Engineer solvent-tolerant microbes with plastic
degrading pathways for organic overlay extraction (Rodrigues & Lindberg,
2020).

o Bottleneck: Efficient multi-step deconstruction of polymers.

m Potential Solution: Engineer ‘plastisome’ scaffolds analogous to fungal
cellulosomes for rapid extracellular polymer deconstruction.

e Medium-term Milestone: Robust biorecovery of major elemental components (N, P, K, S,
trace elements) from abiotic waste streams.
o Bottleneck: Variability in the composition and nutrient content of waste streams.

m Potential Solution: Develop flexible, modular nutrient recovery systems
that can handle variations in influent composition.

m Potential Solution: Use advanced sensing and control systems to monitor
influent composition in real time and adjust process parameters
accordingly.

e Long-term Milestone: Integration of plastic-waste degradation byproducts into life-
support-system to improve loop-closure (Santomartino et al., 2023).
o Bottleneck: Complete recycling efficiency is challenging.

m Potential Solution: Engineer single or multi-enzyme systems to
deconstruct plastics waste into products that can benefit life-support-
systems.

e Long-term Milestone: Microbial and archaeal organisms able to convert brine into useful
products for extended space travel.
o Bottleneck: Archaeal halophilic organisms (e.g., Haloferax) are currently
underutilized as tractable chassis.

m Potential Solution: Continuous evolution of known halophiles for brine
survival and upcycling.

m Potential Solution: Engineer non-halophilic microbes with enhanced brine
tolerance with proven space chassis.

Goal: Regolith and rock biomining, bioremediation, and transformation.

Current State-of-the-Art: Regolith from planetary and asteroid bodies in space presents the
opportunity for (micro) nutrient extraction, remediation for agricultural purposes, and use as
composite construction material. Lunar regolith is broadly characterized by fine-grained, sharp
particles, much of which is derived from eroded anorthositic and basaltic minerals. Size,
shape, and composition vary across the Lunar landscape and are largely dependent on
exposure to solar wind and thermal weathering (Cool et al., 2023). Martian regoliths vary
significantly in composition and oxychlorine compounds (perchlorates) and other radicals are
present (Hecht et al., 2009).

NASA has a number of active efforts to investigate the utilization of Lunar regolith,
including the use of microwave power in additive manufacturing methodologies (Watson et al.
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2024), pyrometer technologies for oxygen extraction (Engelhart et al., 2024), solidification of
concrete in microgravity (Sperl et al., 2024; Mueller et al., 2023), and electrolysis of molten
regolith for production of oxygen and metals (Werkheiser et al., 2024); however, these efforts
are still in the very early stages (Manning, 2023). Regolith simulants have been developed to
mimic the physical, chemical, or mineral properties of regolith native to the Moon, Mars, and
asteroid rocks using geologic materials collected on Earth. There is no single Earth-derived
regolith simulant that will mimic all physical and compositional properties, so often a selection
of simulants is used for comprehensive testing of new measurements and technologies, with
varying degrees of fidelity to true regolith (ARES, 2024; Metzger et al., 2019). Currently, no
samples of Martian-sourced regolith have been collected and returned back to Earth, so most
studies have used regolith simulants, materials from meteorites originating from Mars, and
data collected during the Phoenix Mars Lander Mission in 2008 (Hecht et al., 2009; Naz et al.,
2023).

Microbial biomining — the use of microbes to extract materials — offers a path to
resource resolution and utilization from regolith (Gumulya et al., 2022; Santomartino et al.,
2022), reducing payload and improving a mission's ability to operate independently. Recent
advancements in space additive manufacturing have made microbial biomining a viable
method of resource extraction (Gumulya et al., 2022; NASA, 2016). There is the opportunity
for microbial extraction and remediation of heavy and rare metals. Combined with biological
binders, Martian and Lunar regolith may even be utilized as sources of construction materials
(Dikshit et al., 2022). To further advance these engineering biology capabilities, best practices
and necessary tools for the creation of heavy metal and regolith-resistant engineered
microbes must be identified and developed, with the eventual aim of microbial
bioconcentration through biosequestration and heavy metal precipitation. The development of
downstream biological methods for separation and conversion inside cells would also be of
great significance and utility.

Opportunities also exist to transform regolith to support plant growth. This will likely
require both bioremediation or bioconversion of regolith, as well as plant engineering, to make
organisms robust to these non-Earth substrates. Recent work has explored plant growth on
Apollo-era-collected lunar regolith (as compared to regolith simulant) (Keeter, 2022). Further
study and lab modeling must be completed to demonstrate the required supplementations
(nutrients, microbiome) necessary to support plant life. Recent studies have also
demonstrated the potential for microbial growth in Martian regolith (derived from meteorites
and fragments of Martian origin) (Naz et al., 2023).

Breakthrough Capability: Biological extraction of elements and compounds for material
biosynthesis from regolith.
e Short-term Milestone: Engineering tools for microbes robust or resistant to heavy metals
and regolith solubles.
o Bottleneck: Model microbes are not tolerant to metals.
m Potential Solution: High-throughput method of screening, engineering,
and directed evolution of microbes from native mining environments for
desired tolerance to metals or salt.
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e Short-term Milestone: Bioconcentration of heavy metals through metal precipitation and
sequestration pathways.

o Bottleneck: A sustainable, circular, source of electrons to enhance metal
precipitation and sequestration.

m Potential Solution: Leverage artificial redox pathways.

m Potential Solution: Utilize a microbial consortium containing both
electrogenic and electrotrophic microbes for storage and recovery of
electrons (Yates et al., 2017; Yates et al., 2024; Cockell et al., 2020).

e Short-term Milestone: Biological platforms for heavy and rare metals detoxification.

o Bottleneck: High concentrations of heavy metals are usually toxic to life forms.

m Potential Solution: Use cell-free systems or other pseudo-living systems
with higher-tolerance for heavy metals instead of living organisms.

m Potential Solution: Directed evolution of organisms to retain fitness in the
presence of high concentrations of heavy metals.

m Potential Solution: Identify extremophilic microbial species capable of
surviving in conditions with high concentrations of heavy metals.

e Short-term Milestone: Determined chemical structure and biosynthetic pathways for
specific metallophores produced by microbes.

o Bottleneck: Limited understanding of chemical and biosynthetic properties of
metallophores.

m Potential Solution: Use bioinformatics to predict chemical and biosynthetic
mechanisms based on prior genomic data.

e Medium-term Milestone: Recombinant microbial biosequestration strains that
overproduce specific metallophores and uptake transporter systems for inorganic
nutrients of interest.

o Bottleneck: Microbial strains that maintain stability and biosequestration function
in microgravity environments.

m Potential Solution: Engineer microbes to overexpress genes involved in
production of specific metallophores.

e Medium-term Milestone: Downstream bioseparation method to convert internalized or
sequestered heavy metals and rare earth metals into a purer form for transportation or
use as raw material for industrial processes.

o Bottleneck: Scaling up separation methods to handle large quantities of liquid
while maintaining a lightweight system suitable for space missions.

m  Solution: Develop novel separation methods that require minimal
equipment and rely more on biological processes, such as sedimentation
and flotation of biological structures.

e Medium-term Milestone: Biochemical pathways that convert heavy metal into usable
forms.

o Bottleneck: Identification of metal conversion pathways and associated genes for
relevant protein products.

m Potential Solution: Use integrative -omics studies and isotope labeling to
discover native conversion pathways.
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m Potential Solution: Apply Al-based protein design to create non-natural
pathways for metal conversion.

Medium-term Milestone: Organisms that are able to secrete and tolerate large amounts
of organic acid for heavy metal solubilization, conversion, or valorization.
o Bottleneck: Soluble metals are highly toxic to organisms.

m Potential Solution: Select organisms that are able to withstand the toxicity

of heavy metals.
Medium-term Milestone: Engineer robust chassis or microbial consortia containing
multiple heavy metal uptake and detoxification pathways.
o Bottleneck: Most bio-based heavy metal uptake and detoxification schemes
require pathways specific to one type of metal.

m Potential Solution: Al/ML algorithms that use prior data on metal uptake
and detoxification collected on Earth to predict outcomes in space
settings.

Medium-term Milestone: Biological organization (e.g., DNA origami) of regolith-derived
metals into semiconductor composites and wires.
o Bottleneck: Accurate and precise incorporation of metals to maximize the
function of the semiconductor.

m Potential Solution: Engineer DNA origami with selective binding sites for

desired metal ions.
Long-term Milestone: Organisms capable of scavenging target micronutrients and
minerals from regolith.
o Bottleneck: Regolith may comprise high levels of elements that have the potential
to contaminate the micronutrient extraction.

m Potential Solution: Directed evolution of organisms to improve fitness
when in the presence of high levels of elements.

o Bottleneck: The acidified solution needed to convert insoluble elements in
regolith to soluble forms is harmful to most microbes.

m Potential Solution: Use microbes that are able to promote metal leaching
from regolith particles and uptake micronutrients directly from the solid
regolith particles.

m Potential Solution: Utilize microbes isolated from acid-mine drainage sites
or cavern sites with biotic-mineralization with natural capabilities.

m Potential Solution: Engineer organisms or consortia with conversion
mechanisms that are adaptable to different metals.

o Bottleneck: Difficulty in engineering selective micronutrient scavenging without
disrupting overall host metabolism and growth.

m Potential Solution: Employ metabolic modeling and flux balance analysis
to provide guidance for optimal genetic modifications for enhancing
micronutrient scavenging while minimizing metabolic burden on the host.

e |ong-term Milestone: Robust engineering toolkits that use various non-model organisms
to extract (biological) elements and compounds from regolith.
o Bottleneck: Lack of methods and resources for transforming non-model
organisms in space.
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m Potential Solution: Identify focal non-model organisms and develop
needed methods and resources for these species.

m Potential Solution: Use genetic engineering approaches that do not rely
on endogenous cellular machinery for integration (e.g., prime editing,
transposons, exogenous CRISPR/Cas systems).

o Bottleneck: Limited approaches to integrate genetic constructs into the genome
that work across multiple species in space.

m Potential Solution: Identify the cross-species maodification systems.

m Potential Solution: Data collection on the influence of codon bias and
transcription factors across species on gene expression and functional
capacity for DNA production.

Breakthrough Capability: Bioconversion of regolith to agricultural soils and growth substrates.®
e Short-term Milestone: Growth of vascular plants in soil with specific regolith
compositions of organic and inorganic matter.
o Bottleneck: Limited characterization of plant growth in high-fidelity regolith
simulants.

m Potential Solution: Better characterization of the physical and chemical
properties of regolith simulants.

o Bottleneck: Access to true lunar regolith is extremely limited and true Martian
regolith is not yet available.

m Potential Solution: Perform ground-based testing of plant growth in high-
fidelity regolith simulants.

e Short-term Milestone: Robust control mechanisms for microbial composition, adaptable
across complex soil types.
o Bottleneck: Regolith and soil are complex environments that may introduce
instability to engineered microbial communities.

m Potential Solution: Perform longitudinal microbial community studies in
high-fidelity regolith simulants with multiple plant species and generations
to define initial microbial community that leads eventually to a sustainable
optimal stable artificial microbial community structure.

e Short-term Milestone: Healthy space crop plants maintained by supplementations (e.g.,
organic, inorganic, or biotic) to specific regoliths to allow growth and food production.
o Bottleneck: Limited understanding of supplementation to regoliths for food
production.

m Potential Solution: Pilot studies on earth in a microgravity environment to

examine regolith supplementation.
e Short-term Milestone: Strategies to create or transport the necessary supplementations
for regolith conversion on site.
o Bottleneck: Efficient transport of these materials to a forward operational site in
large quantities.

8 For related opportunities, see also the Breakthrough Capability: “Highly-efficient and controllable
biosystems for food crop growth and development.” in the Food & Nutrition theme of this roadmap.
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m Potential Solution: Use of local resources for on-site extraction of
nutrients, water, and other organic matters from regolith.

e Medium-term Milestone: A database of potential biocontaminant strains of off-planet
agricultural spaces, with species or strain level taxonomic resolution.

o Bottleneck: Microbial contaminants will vary across missions and soil substrates.

m Potential Solution: Collect samples from multiple missions for deep
genome resolved metagenomic sequence-based characterization and
strain resolution.

e Medium-term Milestone: Inorganic compounds obtained in situ from regolith for proper
“soil” generation.

o Bottleneck: Mass of carbon needed for organic matter may be limiting.

m Potential Solution: Develop methods to extract CO, from the atmosphere,
like a direct air capture system.

e Medium-term Milestone: Microbes engineered with different metal requirements to
enhance bioconversion of regolith (i.e., engineer pumps to use metal abundant in the
regolith other than sodium or lithium).

o Bottleneck: Efficient transport systems for alternative metals in microbes.

m Potential Solution: Engineer transport pumps that can exchange or
transfer alternative metals in microbes (i.e., a pump similar to a Na+ / K+
ATPase but exchanges a different metal for potassium).

e Medium-term Milestone: Engineer a minimal microbial consortium that can generate soil
that supports plant growth starting from a regolith base.

o Bottleneck: Microbiome community composition and development will change
depending on the kind of regolith the plants will be grown in.

m Potential Solution: Characterize crop growth in supplemented high-fidelity
regolith simulants to cross-reference with known potential consortia
members.

e Long-term Milestone: Complete bioconversion of regolith to agricultural soils.

o Bottleneck: Materials to construct and run process units may be difficult to
procure (e.g., metal tanks, water, air, power).

m Potential Solution: Efficient use of as many in situ resources as possible
from the lunar environment (e.g., solar power, water-ice at lunar poles,
electrolysis of water to produce oxygen).

Goal: Biosynthesis of habitat materials supporting human health.

Current State of the Art: As we work to improve long-term human spaceflight capabilities, the
biosynthesis of habitat materials will play an important role to ensure mission longevity and
sustainability. Currently, each item approved for use in space must meet specific
requirements (weight and volume, durability, resilience, safety). Engineering biology could
enable the production of biomaterials for manufacturing of durable and consumable goods to
be used as small replacement parts, medical applications, or even spacecraft and habitat
repair and expansion (Jemison & Olabisi, 2021; Averesch et al., 2023). Although potentially
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very useful, biomaterials are not currently approved for use on the International Space Station
or during spaceflight.

Biocement and bioconcrete, and other biologically engineered construction materials
with self-healing properties, may be used as future habitat construction materials (Tyaqi et al.,
2023). Self-healing biomaterials with built-in (bio)sensors could be designed to detect and
repair material damage autonomously, reducing the time needed for diagnosis and repair. For
example, an air leakage in the Zvezda service module on the ISS in 2020 was hard to identify,
let alone fix, during the mission (Garcia, 2020). The use of integrated biosensors may have, in
this case, improved leak identification and sped-up the repair process. In addition to response
and repair, biomaterials may increase crew health and comfort. Biogenic materials have vast
potential and are capable of things like air conditioning, protection from radiation, energy
generation, and acoustic dampening. These materials can be integrated into multipurpose,
self-generating construction materials to provide health benefits all while improving cabin
environmental conditions.

Biologically-produced materials may also replace the clothing, medical supplies, and
fabrics used in spaceflight. Microbes may be engineered with adaptive traits for use on
clothing (or directly on the skin) for further protection from extreme environmental conditions,
in space or on Earth. Recent advancements in microbial engineering have enabled the
production of advanced biopolyesters from traditional carbon sources as well as waste-
derived substrates like carbon dioxide (Averesch et al,. 2023; Bhatia, 2023; Cestellos-Blanco
et al., 2021). These materials can be produced with high volumetric efficiency and yield from
various waste streams. To achieve this, microbial cell factories, able to synthesize advanced
high-performance biomaterials that are useful for manufacturing of durable goods, must be
developed.

Breakthrough Capability: Biosynthesis of organic or engineered living materials for habitat
construction and infrastructure.
e Short-term Milestone: Proof-of-concept biogenic and living acoustic damping materials.
o Bottleneck: Effective design of biomaterials that can dampen acoustic noise.

m Potential Solution: Explore biomaterials that confer unique acoustic
impedance different from liquids (i.e., solid or gaseous structures).

m Potential Solution: Identify naturally occurring biomaterials, such as
protein-based or protein composite, that could be manufactured in
microbial cell factories.

e Short-term Milestone: Validate capacity and efficiency of select living organisms, such as
melanized filamentous fungi, to transform ionizing radiation into a net-energy gain.
o Bottleneck: Limited data for biological absorption pathways of ionizing radiation
with a potential secondary net-energy gain.

m Potential Solution: Quantitative characterization of the ability to use
ionizing radiation in candidate radiotrophic organisms.

e Short-term Milestone: Microbial production of bioplastics and biomaterials with high
volumetric efficiency and yield from waste-streams.
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o Bottleneck: Microbes that accumulate bioplastics from underused waste-streams
(e.g., CO2, CH4, VFAS) can have long generation times (Angra et al., 2023).

m Potential Solution: Develop genome engineering tools to utilize faster-
growing recombinant and non-model organisms (Averesch et al., 2023;
Woo et al., 2024).

o Bottleneck: Existing bioplastics have insufficient material properties for
application in the manufacturing of durable inventory items.

m Potential Solution: Metabolic engineering for production of tailored
biopolyesters with defined composition (i.e., fraction of monomers,
molecular weight).

e Short-term Milestone: Construction materials which help to regulate habitat humidity and
condensation.

o Bottleneck: Ability of biomaterials to respond to humidity and condensation
changes could change in space environments.

m Potential Solution: Optimized biopolymer layers that attract and entrap
moisture in a microgravity environment, which can then be used as a
growth substrate and water source for plant propagation and microbial
cultivation.

e Short-term Milestone: Construction materials and coatings that contain a beneficial
microbiome for the habitat, such as to help condition the air or provide environmental
biosensing capabilities.

o Bottleneck: Biofilms evolve from a mixture of microbes.

m Potential Solution: Robust microbiome development with mixtures of
species that can be incorporated into habitat coatings.

e Medium-term Milestone: Radiotrophic organism metabolism using gamma radiation as
power-source to create photosynthetic analogues.

o Bottleneck: The process and mechanism of radiotrophic metabolism is unknown.

m Potential Solution: Develop biotechnology toolboxes to characterize and
engineer radiotrophic organisms.

e Medium-term Milestone: Blend engineered living materials with the materials of the
spacecraft.

o Bottleneck: Lack of research of how living materials can blend together with the
aluminum alloy of the spacecraft.

m Potential Solution: Engineer biopolymers to form composites with metallic
structures while preserving cellular traits and desired biochemical
activities.

e Medium-term Milestone: Biomanufacturing systems to convert in situ resources into
versatile and durable biopolymers with sufficient mechanical requirements for
construction purposes.

o Bottleneck: Feedstock availability to scale production according to infrastructure
needs.

m Potential Solution: Utilize autotrophic organisms, such as cyanobacteria,
to produce feedstocks for bioproduction from waste materials (Macério et
al., 2022).
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m Potential Solution: Engineer lithoautotrophs for direct production of a
range of advanced high-performance biopolyesters from inorganic
carbon, water, and electricity (Averesch et al., 2023).
o Bottleneck: Purification and recovery of products is water- and resource-
intensive.
m Potential Solution: Use alternative solvents, such as acetate or methanol
byproducts, from other manufacturing processes (Berliner et al., 2021).
m Potential Solution: Engineer autotrophs with halotolerance; or the ability
to utilize halophiles for susceptibility to osmolysis (Adams et al., 2023).
m Potential Solution: Engineer artificial membrane channels that secrete
bioplastics or integrate polymerases into the membrane.
e Medium-term Milestone: Integrate healable biomaterials with biosensors to create
autonomous in-flight repair of air leakages.
o Bottleneck: Reliable sensor for healable biomaterial that activates when there is
leak.
m Potential Solution: Biosensors that detect temperature or pressure
changes and induce damage repair within the healable biomaterial
e Medium-term Milestone: Extremophiles and enzymes capable of synthesizing
biopolymers that perform well under adverse conditions.
o Bottleneck: Difficult to evaluate robustness and efficiency of model organisms in
extreme conditions.
m Potential Solution: Bioprospecting and metabolomics for fast-growing
psychrophiles.
e Medium-term Milestone: Efficient recovery of urea from biological waste streams for
biocement applications for habitat construction.
o Bottleneck: Limited usable carbon sources for biocement applications.
m Potential Solution: Minimize carbonate that is needed for biocement so
more urea can be retained and used elsewhere.
e Medium-term Milestone: Enable sustainable infrastructures with controlled formation of
biofilms useful to life support systems.
o Bottleneck: Slow rate-of-growth of biofilms compared to suspension cultures.
m Potential Solution: Engineer microbial strains that form biofilms more
rapidly.
m Potential Solution: Engineer biofilm microbial communities that allow
more efficient nutrient movement and faster growth.
o Bottleneck: Adaptation of microbes to specific surface chemistries (e.g.,
hydrophobic, oleophobic, etc.).
m Potential Solution: Develop uses for secreted biofilm capsule,
exopolysaccharides, and biocellulose.
o Bottleneck: Unwanted biofilms could form on infrastructure surfaces (e.qg.,
electronics).
m Potential Solution: Combat surface contamination with antimicrobial
macromolecules such as peptides and anti-corrosion coatings (e.g.,
through bioengineered plants or their extracts).
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m Potential Solution: Engineer and embed proteins or bacteria that can
prevent adhesion or biofilm formation into materials or coatings (Mayton
et al., 2021).

e Long-term Milestone: Integration of acoustic damping capability into multipurpose, self-
generating construction materials for crew cabins.
o Bottleneck: Identifying the best chassis microbe or microbial consortia for
construction materials.

m Potential Solution: Design algae, plants, or cyanobacteria that can
perform multiple functions.

o Bottleneck: Integrating multiple functions into a single type of biogenic or living
material.

m Potential Solution: Leveraging the hierarchical assembly of living
materials to encode multiple functions.

e Long-term Milestone: Microbes and plants that generate and self-assemble advanced
polymers into habitat structures.
o Bottleneck: Integration of advanced biomaterials with current infrastructure.

m Potential Solution: Engineering living materials (ELM) containing designer
polymers, such as (hemi)cellulosic fibers or polypeptides, that are
decorated with multiplexed sensors and biocatalysts for habitat
reinforcement, monitoring and self-healing.

Breakthrough Capability: In situ synthesis and repair of clothing and personal protective
equipment.
e Short-term Milestone: 3D-printed bioplastics [e.g., polyhydroxyalkanoates (PHAS),
including PLA, P3HB, P4HB] which mimic clothing (texture, pattern).
o Bottleneck: Existing bioplastics have insufficient material properties for
application in manufacturing of durable inventory items.

m Potential Solution: Metabolic engineering for production of tailored
biopolyesters with defined composition (fraction of monomers, molecular
weight).

m Potential Solution: Enable processing of biopolymers and bioplastics into
fibers or non-woven materials.

e Short-term Milestone: Assessment of novel biomaterials and biocomposites for use in
space clothing.
o Bottleneck: Economically-viable application of traditional textile characterizations
to novel materials.

m Potential Solution: Incorporation of novel biopolymers into traditional
materials for biocomposite clothing.

e Medium-term Milestone: Clothing with embedded enzymes that resist soiling and dirt.
o Bottleneck: A stable way to incorporate enzymes into fabrics.

m Potential Solution: Fusion of enzymes to fiber binding proteins.

e Medium-term Milestone: Microbes able to produce different types of advanced, high-
performance bioplastics for durable clothing, including space suits and flame-retardant
clothing.
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o Bottleneck: Current biology does not allow the formation of polymers with
properties that approach incumbent synthetic materials.

m Potential Solution: Develop novel enzymes for biosynthesis of non-natural
bioplastics (Averesch et al., 2023).

o Bottleneck: Bioproduction of starting materials (such as amine-containing
polymer precursor) for high-performance polymers is difficult due to inherent
toxicity (Baidin et al., 2021).

m Potential Solution: Develop biosynthesis platform in non-model chassis
that are resistant to high concentration of potentially toxic precursors.

o Bottleneck: Bioplastics from microbial fermentation are difficult to isolate and
purify.

m Potential Solution: Engineer efficient bioplastic secretion in microbial
chassis.

e Long-term Milestone: Cells that can be applied directly to the astronaut’s body to
generate coatings with various protective and adaptive traits, such as protection from
radiation, temperature and moisture regulation, and antimicrobial and antifungal
properties.

o Bottleneck: Assembly and patterning of microbial coatings.

m Potential Solution: Engineer cellular systems with sufficient adhesion
properties and porosity to coat human skin or suits and augment function.

m Potential Solution: Microbial peels or sticky plant exudates could be
layered onto the desired surfaces with minimal processing.

Goal: Integrated and comprehensive environmental monitoring.®

Current State-of-the-Art: Engineered biological systems may be leveraged as mechanisms for
integrated and comprehensive environmental monitoring. Microbial monitoring on the
International Space Station (ISS) for the last twenty years has relied on culture-dependent
methods that require analysis on Earth and limitations of this method include a bias toward
culturable organism detection and a significant delay between sample collection and analysis.
A recent increase in molecular-based tools on board the ISS, including the MinlON™
sequencer and the miniPCR™ thermal cycler has made real-time microbial monitoring a
possibility, but not the standard (Oxford Nanopore Technologies, 2024; miniPCR bio, 2024;
Stahl-Rommel et al., 2020).

There are a variety of studies currently underway to gain a greater understanding of
microbial communities on the ISS, monitoring samples for genetic changes to bacteria and
fungi that may increase antibiotic resistance and disease potential and to better understand
interactions of coexisting microbial communities (Tabor, 2021; Sengupta et al., 2024; Keller,
2024b). Genomic adaptations are theorized to be driven by the singular nature of stressors in
space, which are distinct from any on-Earth stressors. A greater understanding of optimal and

9 See also earlier Goals and Breakthrough Capabilities in this theme on biosensing and monitoring of air
and water.
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pathogenic environmental microbiomes for humans aboard spacecraft would further improve
efforts toward ensuring a safe and secure environment.

Recent developments in reporter bacteria and biosensor technologies have presented
the opportunity for both the in-space application of biosensors, including pathogen detection,
air and water quality monitoring, and plant-based biosensors engineered for environmental
monitoring (Atkinson et al., 2022; Sears et al., 2023; Ostrov et al., 2017; van der Meer &
Belkin, 2010). Advancements in cell-free protein synthesis (CFPS) also enable the
development of diagnostics for environmental monitoring, including biosensors and testing
platforms. CFPS requires minimal maintenance and equipment, making it the ideal choice for
use in austere environments. A recent study assessed the performance of the cell-based
system BioBits on the ISS, with RNA-based apromers and fluorescent proteins as biological
indicators. Both performed well under space conditions (Kocalar et al., 2024).

Despite this, additional research is needed to develop stable, robust, long-term
biosensors for use in microgravity, including optical and electrical sensor readouts that can be
integrated into computerized cabin monitoring. Microbes can be engineered to be compatible
with microbial-machine interfaces that convert biological data to an electronic signal for further
aggregation by a central monitoring system to inform predictive models of potentially invasive
organisms or functional loss. Advancements in this field would catalyze efficient and
autonomous sensing, sampling, and sequencing in low-resource environments.

Breakthrough Capability: Real-time biosensing and reporting on life support systems and built-in
environment.

e Short-term Milestone: Microbe-based system that generates an electronic (wireless)
signal for aggregation by a central monitoring system (vs. the more typical biological
readout, such as luminescence).

o Bottleneck: Keeping microbial cells viable inside the device.

m Potential Solution: Identify microbes that can be immobilized in
compatible devices and maintain optimal performance.

m Potential Solution: Navigating engineering traits of model organisms
which enhance viability in encapsulated environments that could be
transferred to other microbes.

o Bottleneck: Ensuring stability of microbial cells inside the device.

m Potential Solution: Engineer synthetic differentiation circuits to support
biological complexity within a closed system.

e Short-term Milestone: Efficient and autonomous sensing, sampling, and sequencing of
biocomponents of life support systems.

o Bottleneck: Flow cells are typically single-use and expensive to manufacture for
nanopore sequencing.

m Potential Solution: Design cost- and space-efficient flow cell protocols and
reusable wash buffers.

e Short-term Milestone: Microbial biosensors to monitor and report elemental balances on
closed life support systems.
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o Bottleneck: Identification of robust modules for environmental sensing at dynamic
ranges in Low Earth Orbit (LEO).

m Potential Solution: Continued sequencing efforts of extremophiles and
evolved biosensors using rational and random mutagenesis.

m Potential Solution: Use of clinostats for simulating low gravity
environments to develop space-functional microbial biosensors.

e Medium-term Milestone: Programmable apoptotic circuits for control of microbial
biosensing organisms (Din et al., 2016).

o Bottleneck: Current “kill switch” technologies are not efficient enough for
deployment in spaceflight.

m Potential Solution: Design redundant kill switches to prevent escape by
enacting multiple circuits simultaneously.

e Medium-term Milestone: Efficient colorimetric-based biosensors for built-in
environments.

o Bottleneck: Number of orthogonal reporters for multiplex detection.

m Potential Solution: Expand the suite of aerobic and anaerobic colorimetric
reporters.

o Bottleneck: Interpretability of colorimetric readouts.

m Potential Solution: Integrate biosensors with electrical readouts to
minimize chance of interpretation errors.

e Medium-term Milestone: Biological data from life support systems converted into
machine-readable information with an automated platform.

o Bottleneck: Lack of standardized data formats and ontologies for representing
complex biological information across different scales and systems.

o Potential Solution: Collaborate with the broader scientific community to establish
consensus-based data standards and ontologies that enable seamless
integration and interpretation of diverse biological datasets.

e Long-term Milestone: Living surfaces that integrate microbial biosensors with physical
sensors to monitor habitat areas.

o Bottleneck: Required complexity of intra- and inter-species or consortial
organisms with quorum sensing biosensors on living surfaces.

m Potential Solution: Develop model organisms and consortia platforms to
allow for generalization and understanding of fundamental interactions
between living surfaces and microbial networks

m Potential Solution: Centralize data collection on organism and consortium
genotype, transcription and outcomes for analysis by ML/AL.

e Long-term Milestone: An autonomous environmental control module for air, water, and
waste remediation to minimize energy and infrastructure requirements.

o Bottleneck: Engineering technology with continuous-flow process(es) to support
six people for 36 months.

m Potential Solution: Extensive testing on Earth to create a highly integrated
system with a scalable and adaptable design.

e Long-term Milestone: Characterization of optimal environmental microbiome for
symbiotic human microbiome maintenance.
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o Bottleneck: Standardized sampling of diverse human populations or segmented
populations that provide appropriate metadata (environmental microbiome data,
demographic(s), health status and history).

m Potential Solution: Centralized data collection and reporting on on-going
efforts in microbiome and human health.
m Potential Solution: Consortium development by experts on the minimum
data collection requirements.
e Long-term Milestone: Real-time, continuous biosurveillance of microbiome consortia
within the environment and present humans.

o Bottleneck: Human and environmental biomarker (genomic, metabolic,
immunological, and other biochemistry) -analysis currently requires extensive
time and resources.

m Potential Solution: Novel sensing technologies which can perform
multiplexed characterization on small- and individualized-scales.

o Bottleneck: Accurate integration and interpretation of microbiome data from
complex microbial interactions and heterogeneity across individuals and
environments.

m Potential Solution: Build multi-scale computational models that integrate
real-time sensing data with prior knowledge of microbiome ecology and
host physiology to enable predictive analytics and adaptive interventions.

Breakthrough Capability: Biobased tools and technologies for early environmental threat or
anomaly detection.
e Short-term Milestone: Engineered microbial or cell-free biosensors for the detection of
pathogens and harmful compounds in liquid and solid waste.
o Bottleneck: Low sensitivity and specificity of biosensors, which increase the
potential for false positives and false negatives.
m Potential Solution: Biosensor engineering campaigns to improve protein-
based identification of analytes and signal amplification and discernment.
m Potential Solution: RNA and DNA-based sensors that can connect to
electronic interfaces for more complex computer processing.
o Bottleneck: Detection of key analytes from hard-to-sample environments (e.qg.,
solid waste).
m Potential Solution: Mesh grids or filamentous sensors that extend
throughout the waste container.
m Potential Solution: Embedded biosensing microbes throughout the waste
container.
o Bottleneck: Biosystems work under a limited set of conditions (e.g., pH, salt
composition, temperature).
m Potential Solution: Adaptable biosystems to respond to and function in
adverse conditions.
e Short-term Milestone: Biosensors (for chemistry, pH, pathogens) that can relay
information electronically and wirelessly.
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o Bottleneck: Limited technology for sensors that detect certain biotic and abiotic
signals.

m Potential Solution: Develop genetically encoded colorimetric reporters or
other non-invasive sensors as molecular diagnostics for different
microbial components (e.g., glycoproteins to both detect and combat
pathogens) (Hassan et al., 2020; Tsaneva & Van Damme, 2020).

e Short-term Milestone: Detection of evolved or invasive organisms that could threaten
environment or health.

o Bottleneck: Current methods of detection are not time-, cost-, or resource-
efficient.

m Potential Solution: Use prior evolutionary and biosystems data of
pathogens to predict changes in the biome that could threaten the
environment.

m Potential Solution: -Omics and biomarker discovery within the microbiome
or the host immune system to detect dysbiosis or pathogen evolution.

e Short-term Milestone: Biobased sensor within the interior shell of the spacecraft to
identify the location of leakages or other damage with a cell-based or cell-free indicator
(i.e., color change).

o Bottleneck: Other technologies on the interior of the shell that may interfere with
the biosensor.

m Potential Solution: Integrate the biobased sensor with other insulation or
shielding layers in the shell.

e Medium-term Milestone: Directed evolution of proposed microbial biosensors under on-
Earth and Low Earth Orbit conditions to inform predictive models of functional loss or
potential invasive organism traits.

o Bottleneck: Lack of modeling for assessment of microbes engineered via directed
evolution.

m Potential Solution: Identify key model systems for detailed analysis of
directed evolution.

e Medium-term Milestone: Early pathogen detection for bioreactors.

o Bottleneck: Pathogens could be undetectable at low enough concentrations
during early stages of contamination.

m Potential Solution: Quantum sensing or other early-stage detection at
picomolar or lower concentrations coupled with edge computing can
support low detection rates.

e Long-term Milestone: Predictive Al/ML tools using data from past threats and anomalies
to understand future mutation outcomes, i.e., fithess positive, neutral, or pathogenic,
impact for the human and environmental ecosystems.

o Bottleneck: Computational analysis is currently not automated or autonomous
and missing potential correlative or associative predictive capability.

m Potential Solution: Application of emerging ML and Al to understand
genotype, -omic, and phenotype relationships between single organisms
and within consortium communities (micro and macro ecological settings-
biomes).
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m Potential Solution: Leverage the development of new strategies capable
of training ML/AI on limited data, particularly ML techniques for
computational material design.

m Potential Solution: Use mechanistic or hybrid ML/mechanistic models in
place of pure ML models.

e Long-term Milestone: Achieve understanding of pathways and networks of directed
evolution studies with species and consortium growth on Earth and Low Earth Orbit
conditions to understand mutations and adaptation processes of microbes in different
environments.

o Bottleneck: Mutations- inducing reagent (endonuclease targeting, genotoxic drug,
microirradiation) elicit different DNA repair mechanisms.

m Potential Solution: Whole genome or RNA sequencing to better
understand DNA repair pathways and mutations caused by various
reagents.

o Bottleneck: Mutations of microbes from microgravity, oxidative stress, and
epigenetic changes are difficult to predict.

m Potential Solution: Use AI/ML algorithms based on sequencing data on
Earth to predict outcomes of mutations and repair mechanisms for
relevant reagents and environments.
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Glossary

This glossary presents definitions and descriptions of some of the key terms and concepts
found in and specific to the context of this roadmap.

Active Pharmaceutical Ingredient (API) is the constituent of a drug that causes the desired
effect.

Adaptive Laboratory Evolution (ALE) is a technique that leverages natural evolution to alter
organisms, using (often artificial) selection pressure to adapt a population and permanently
change its genetic traits (Portnoy et al., 2011).

Air Revitalization System (ARS) is part of the life-support system in closed environments (e.g., a
spacecraft) and is dedicated to reconditioning the environment atmosphere.

Artificial Intelligence (Al) uses computation to simulate human intelligence in order to perform
tasks that typically require human cognition, such as learning, problem-solving, and decision-
making.

Beyond Low Earth Orbit (BLEO) refers to space that extends beyond approximately 1200 miles
above Earth's surface. It encompasses regions such as medium Earth orbit, geostationary orbit,
and deep space, including cis-lunar space.

Bioassay is a process that can measure the functional activity of a biological substance in a
living organism, tissue, or cell.

Bioastronauitics is the study of the effects of spaceflight on biological systems, including
physiological and psychological effects on humans to survive and prosper in extraterrestrial
environments (Berliner et al., 2024).

Biobased (and bio-derived) processes and materials are those that function or occur through
biological activity or are made of or derived from biological components, often through
fermentation. Note: the United States Department of Agriculture’s BioPreferred Program has a
further definition of “biobased” that we find helpful, available at
https://www.biopreferred.gov/BioPreferred/faces/pages/BiobasedProducts.xhtml

Biocement/bioconcrete is a biologically engineered construction material that incorporates living
microbes to self-heal and repair cracks by producing minerals that fill and seal (Tyaqi et al.,
2024).

Biodesalination is a process that uses biological organisms to remove salts and other
(inorganic) impurities from water to obtain fresh water (Nadersha & Hassan., 2022).
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Bio-Electrochemical System (BES) integrates biological processes with electrochemical
reactions to produce electricity, chemicals, or other valuable products. A BES harnesses the
metabolic activity of microbes to catalyze electrochemical reactions at the interface between
living organisms and electrodes.

Biofilm is a complex aggregation of microbes that adhere to various surfaces commonly
embedded within a self-produced matrix of extracellular polymeric substances (Herrling et al.,
2019).

Biologics are relatively large, heterogeneous (organic) molecules, compounds, or cells
produced by living systems. See for comparison Pharmaceuticals.

Biomarker is a biological measurement (e.g., hormone, protein or other gene transcript) found in
blood or tissue indicative of disease, infection, or other physiological condition in an organism or
cell.

Biomass is the amount of biological material that can be used for a process; when used directly
for energy production, the term “biofuel” is often used interchangeably. See also Feedstocks.

Biomaterial is any biological substance that has been engineered to interact with biological
systems or derived from biological systems for non-biological use.

Biometrics is a system of measurement that uses physical characteristics or behavioral traits to
recognize individuals or verify their identity (e.g., fingerprint mapping, facial recognition,
retinal/iris scans).

Biomolecules are one of several major classes of biological molecules or complexes, such as
proteins (including enzymes), nucleic acids, lipids, and glycans. For more about engineering
biomolecules, please see EBRC’s Engineering Biology: A Research Roadmap for the Next-
Generation Bioeconomy (EBRC, 2019b).

Bioplastics are plastic materials derived from renewable biological sources, such as plants or

microbes, reducing reliance on fossil fuels and minimizing environmental impact. They can be
designed to be biodegradable or used as water filters to remove microbes from water and air

(i.e., polylactic acid, polyhydroxyalkanoate) (Marova et al., 2015).

Bioreactor is an apparatus with an optimized environment for biological reactions or processes
to take place.

Biosensors use biological molecules or systems to detect and quantify (and in some cases,
report) specific substances or changes in environmental conditions (Bhalla et al., 2016).

Biotechnology uses biological processes to produce new and innovative products that can
improve human health and society (e.g., antibiotics, biofuels, biomaterials, etc).
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Carbon Dioxide Removal Assembly (CDRA) is a closed-loop system that removes carbon
dioxide and aids in water conservation onboard the International Space Station.

Chassis, in engineering biology, is a cell or organism that serves as a foundation to physically
house and support the genetic material and other biomolecules and materials necessary for
biological function.

Circularity focuses on keeping resources and materials in a production-and-consumption loop to
promote sustainable production and use (Mdslinger et al., 2023; Khatiwada et al., 2021).

Closed Environment Agriculture (CEA) is a method of crop cultivation that takes place within an
enclosed structure. In CEA, environmental factors such as temperature, humidity, light, and CO-
levels are tightly controlled to optimize plant growth and yield.

Commercial Low-Earth Orbit Destination (CLD) is a free-flying, commercially developed, owned,
and operated spacecraft located in low-Earth orbit (NASA, 2023).

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) are involved in the
defense mechanisms of prokaryotic organisms to viruses and are the underlying biological
phenomena for a technology that allows the genetic manipulation of bacteria, archaea, eukarya,
and viruses.

Design-Build-Test-Learn (DBTL) cycle is an iterative process used to develop a product or
system where each phase informs and improves the next iteration to enhance functionality and
effectiveness. DBTL cycles rely on data analytics and mathematical models to effectively
characterize and control host responses (EBRC, 2019a).

Engineering Biology is the design and construction of new biological entities such as enzymes,
genetic circuits, and cells, or the redesign of existing biological systems. Engineering biology
builds on the advances in molecular, cell, and systems biology and seeks to transform biology in
the same way that synthesis transformed chemistry and integrated circuit design transformed
computing. The element that distinguishes engineering biology from traditional molecular and
cellular biology is the focus on the design and construction of core components (e.g., parts of
enzymes, genetic circuits, metabolic pathways) that can be modeled, understood, and tuned to
meet specific performance criteria, and the assembly of these smaller parts and devices into
larger integrated systems to solve specific problems. Unlike many other areas of engineering,
biology is incredibly dynamic, non-linear, and less predictable, and there is less knowledge of
specific parts and how they interact. Hence, the overwhelming physical details of natural biology
(e.g., gene sequences, protein properties, interactive biological components) must be organized
and recast via a set of design rules that hide information and manage complexity, thereby
enabling the engineering of many-component integrated biological systems. It is only when this
is accomplished that designs of significant scale will be possible. The term “engineering biology”
is often used synonymously with “synthetic biology;” EBRC considers engineering biology to
encompass the field of synthetic biology.
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Environmental Control and Life Support System (ECLS System or ECLSS) provides for
breathable air, clean water, food production, temperature regulation, pressure control, and
waste management to support human life in isolated or hostile environments (NASA OCHMO,
2023a).

Equivalent System Mass (ESM) is a metric used to compare different life support systems in
space missions. It evaluates the total mass required to achieve a specific function by
incorporating not just the physical mass but also the mass of power, volume, cooling, and crew
time. By converting these factors into a common mass metric, ESM provides a comprehensive
assessment of the resource demands of different systems, helping to identify the most efficient
and sustainable solutions for space missions (Ho et al., 2022).

Feedstocks are the raw or unprocessed (biological) materials that are used or consumed by an
organism or reaction. Feedstocks can be abiotic, including gases and metals, or biotic, including
proteins, carbohydrates, cells, and plants.

Figures of Merit (FOM) are the mass, volume, time, and power resources that are required from
the spacecraft or mission personnel to operate the capability effectively.

Galactic Cosmic Radiation (GCR) consists of high-energy particles originating from outside the
solar system. These patrticles, primarily protons, but also including heavier ions and electrons,
travel at nearly the speed of light and pose a significant radiation hazard to astronauts and
spacecraft. GCR exposure is a concern for long-duration space missions due to its potential
health risks, such as radiation sickness due to cellular damage and increased cancer risk as
well as permanent damage to the central nervous system.

Genome-Wide Association Study (GWAS) is a whole-genome sequencing technique that can,
for example, be used to identify potential crops and plants with high nutritional value, harvest
index, pathogen resistance, and short harvest time.

Good Manufacturing Practices (GMP) is a set of guidelines and regulations established to
ensure the quality, safety, and consistency of pharmaceuticals, food, medical devices, and other
products manufactured for human consumption or use. GMP standards are designed to
minimize the risks associated with production processes and to ensure that products meet
quality standards and regulatory requirements (WHO, 2024).

Host is an organism that serves as a chassis or contained system for biological activity; typically
a microbe, such as bacteria, plant or animal cell. For more about host engineering, please see
EBRC’s Engineering Biology: A Research Roadmap for the Next-Generation Bioeconomy
(EBRC, 2019Db).

In silico is used to describe scientific experiments, research, or discoveries conducted with
computer modeling or computer simulation.
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In situ is used to describe scientific methods in biology or engineering biology that are
conducted in the original location where a biological system or process naturally occurs.

International Space Station (ISS) is a large, permanently crewed spacecratft in low Earth orbit at
an altitude of about 250 miles.

In vitro is used to describe experiments performed outside a living organism. In vitro
experiments usually occur in a controlled laboratory environment.

In vivo is used to describe experiments conducted in a living host organism, tissue, or cells.

Limited Biodiversity is the limited variability among living organisms from all sources including,
inter alia, terrestrial, marine, and other aquatic ecosystems and the ecological complexes of
which they are part; this includes diversity within species, between species and of ecosystems
(CBD, 2016). The lack of competition present in limited biodiversity environments (such as
those currently experienced off-Earth) has been shown to promote pathogenesis in some
microbes.

Lignocellulose is a complex biopolymer composed of polysaccharides (e.g., cellulose and
hemicelluloses) and polymers (e.g., lignin) (Zoghlami & Paés, 2019; Dias et al., 2019).
Lignocellulose is a common biomass feedstock.

Loop-Mediated Isothermal Amplification (LAMP) is a nucleic acid amplification technique that
amplifies DNA in a rapid, efficient, and specific way, which can be used as a real-time
monitoring system to identify microbial contaminants.

Low Earth Orbit (LEQ) is defined as the area around Earth up to an altitude of approx. 1200
miles, which is close enough for routine transportation, communication, observation, and
resupply on space missions.

Macronutrients are required by the human body to perform its metabolic functions and operate.
These include proteins, fats, and carbohydrates (Baba et al., 2020).

Microbial Check Valves (MCV) are devices that prevent the water-borne transmission of viable
microbes through water systems onboard the space station.

Microbiomes are communities of diverse microbes that are found in a given environment. For
more, please see EBRC’s Microbiome Engineering: A Research Roadmap for the Next-
Generation Bioeconomy (EBRC, 2020).

Microgravity is a condition in which objects experience minimal gravitational forces, creating a
sensation of weightlessness.
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Micronutrients are dietary nutrients, such as vitamins and minerals, that are essential for proper
function of the human body.

Modified Energy Cascade (MEC) Model is an advanced crop simulation model designed for use
in controlled environment agriculture, particularly for space missions. It builds upon the original
Energy Cascade model by incorporating more accurate and dynamic responses to
environmental conditions such as light, carbon dioxide levels, temperature, and humidity. The
MEC model allows for realistic exponential canopy growth, adjusts for seed emergence timing,
and corrects harvest dates for crops like potatoes and tomatoes. This model is crucial for
optimizing crop production in variable and resource-limited settings, such as Lunar or Martian
greenhouses (Yates et al., 2024).

NASA Baseline Values and Assumptions Document (BVAD) contains a common set of values
and minimum assumptions which can be used as a baseline in the design and study of space
missions (Ewert et al., 2022).

Oxygen Generation Assembly (OGA) is a critical system that regenerates oxygen onboard the
International Space Station.

Pharmaceuticals are relatively small molecule substances or drug products synthesized using
chemical or biological processes. See for comparison Biologics.

Pharmacokinetic—Pharmacodynamic (PK/PD) is the analysis of the dose-dependent effect of a
drug on the body (Negus & Banks, 2019).

Point-of-care testing is clinical laboratory testing close to or at the site of where care is being
provided to the patient.

Positron Emission Tomography/Magnetic Resonance Imaging (PET/MRI) is a type of imaging
using reporter genes and probes. PET/MRI imaging reporter genes and probes are a non-
invasive technique for gene and cell kinetic therapy in Space.

Potable Water describes water of a quality that is safe for human consumption (Salehi, 2022).

Precision Medicine, sometimes referred to as “personalized medicine,” is an innovative
approach to prevent, diagnose, or treat disease by integrating genetic and environmental
information of a specific group of patients. “Individualized medicine” falls within the category of
“precision medicine,” but is even more tailored towards a patient’s individual circumstances (i.e.,
genetics, physiology, anatomy) (NIH, 2022; Delpierre & Lefevre, 2023).

Protospacer Adjacent Motif (PAM) is a specific DNA sequence recognizable by an enzyme that
enables CRISPR-associated endonucleases to cleave the DNA.
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Regolith is the rock dust that makes up the “soil” of planetary bodies, including Martian and
Lunar bodies. Particle dimensions, compositional profiles, and extent of amorphization vary
considerably between sources and have been shaped across millennia by thermal weathering,
unabated bombardment from micrometeorites, and atom/ion implantation from the solar wind
(Cool et al., 2023).

Single Cell Proteins (SCP) are proteins derived from the cultures of microorganisms (including
bacteria, algae, yeast, and fungi) (Pérez-Santaescolastica et al., 2021).

Solar Particle Event (SPE) is a burst of energetic particles, mainly protons, emitted by the Sun
during solar flares and coronal mass ejections. SPEs can deliver intense radiation doses over
short periods, posing acute health risks to astronauts, such as radiation sickness, and can also
disrupt spacecraft electronics and communications. These events are sporadic but can be
forecasted to some extent, allowing for protective measures to be taken.

Space Bioprocess Engineering (SBE) is the part of space life sciences focusing on the design
and deployment of biotechnology in service of sustainable human space exploration (Berliner et
al., 2022; see also Figure 1 in Santomartino et al., 2023).

Spacecraft Maximum Allowable Concentrations (SMACs) are acceptable levels of cabin air
pollutants as defined by NASA (NASA OCHMO, 2023d).

Synthetic biology (See Engineering biology).

Technology Readiness Level (TRL) is a method for estimating the maturity of technologies
during the acquisition phase of a program. TRLs enable consistent and uniform discussions of
technical maturity across different types of technology. TRL is determined during a technology
readiness assessment in which program concepts, technology requirements, and demonstrated
technology capabilities are reviewed (Manning, 2023).

Vegetable Production System (“Veggie”) is a permanent crop growth facility aboard the
International Space Station (Bunchek et al., 2024).

Vertical farming/vertical agriculture (or indoor farming) is the practice of growing crops, most
often indoors and in or close to urban centers, in vertical layers in a controlled environment
(controlling for temperature, light, CO,, and water levels) to optimize crop yield while reducing
resource use. Vertical farming aims to reduce the negative environmental impacts of agriculture,
particularly by growing food closer to where consumers live. See also Closed Environment
Agriculture.
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