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Abstract

NASA's recent emphasis on human exploration of the Moon and, ultimately, Mars necessitates a transition from a focus
of its research in the biological sciences from Low Earth Orbit (LEO) to platforms beyond LEO. Fundamental research
questions need to be addressed to enable humans to thrive in deep space. Work beyond LEO necessitates a shift in
technology and the utilization of organisms in autonomous experiments, especially in the near term. The Beyond LEO
Instrumentation & Science Series Science Working Group (BLISS-SWG) was established to provide NASA's Space Biology
Program input on its strategy for developing research priorities and tools for exploration beyond LEO. Here, we present an
abridged version of the first annual report of the BLISS-SWG, which is publicly available on the NASA Technical Reports
Server. Seven priority areas and pertinent research questions were identified for research beyond LEO in the coming 2-5
years. Appropriate experimental organisms and technology development needs for research addressing these questions
are summarized. The BLISS-SWG aims for this review to serve as a resource for the space biology and science and
engineering communities as they develop research to understand risks and mitigation strategies for deep-space stressors

on human crew, plants, and their microbiomes.
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The Beyond LEO Instrumentation & Science Series Science
Working Group (BLISS-SWG) was established in December
2020 to provide NASA's Space Biology Program with
sustained input from a group of subject matter experts from
the space biosciences community in its strategy for developing
research priorities and tools for exploration beyond LEO. The
purpose of the BLISS-SWG is to report upon scientific goals
and technological developments that will be accessible within
the upcoming years. The two specific aims were to define the
technical capabilities that should be sought in order to enable
biological research beyond LEO and to consider the potential
scientific gains that can be made from utilizing different
experimental organisms in future research beyond LEO.
Seven priority areas were identified, and the research and the
technology needs that can be performed in the next 2-5 years
are discussed. The emphasis is on research that cannot be
conducted within LEO (e.g., on the International Space Station)
or through ground simulations. This overview is a summary of
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the conclusions and recommendations of the BLISS-SWG 2021
report, which can be found in full form at https://ntrs.nasa.gov/
citations/20210023324. The full report was written by members
of the scientific community with NASA as an intended audience.
Likewise, this overview is a product of the scientific community
and not of NASA. The views and opinions expressed herein do
not necessarily state or reflect those of the US government.

Human space exploration was never intended to stop within
low Earth orbit (LEO). Although nearly all of NASA's biological
research in space has taken place in LEO, on Shuttle and
International Space Station (ISS) missions, NASAs recent
shift in emphasis toward human exploration of the Moon and
ultimately Mars necessitates a change in the focus of its research
in the biological sciences [National Academies of Sciences,


https://ntrs.nasa.gov/citations/20210023324
https://ntrs.nasa.gov/citations/20210023324

Gravitational and Space Research

Engineering & Medicine, 2018]. Specifically, from 2022 and
beyond, the Division of Biological and Physical Sciences
seeks to pivot toward a focus on Thriving In Deep Space
(TIDES), furthering the fundamental research necessary for
understanding risks and mitigation strategies for deep-space
stressors on human crew, plants, and their microbiomes.

Living and working beyond LEO involves surviving a number
of factors that generate stress on biological systems. Long-
duration spaceflights will be required for the exploration
of deep space; for instance, the transit to Mars using
conventional rocket fuel and design will take at least 180 days
one way [Sobel and Duncan 2020], and a mission is likely to
be approximately two years long. This far exceeds the time
most human crew currently spend in space. Further research
is needed to understand the effects of space stresses such
as microgravity on the human body for such long periods of
time; and for shorter-lived organisms, such as plants and
microorganisms, multigenerational exposure to such stresses
may have evolutionary implications. Moreover, sustaining crew
health for long time periods in space will require the further
development of biological life support systems, in situ resource
utilization, and space food and pharmaceutical production.
The beyond LEO environment will also result in exposure to
high energy ionizing radiation, altered gravity, and different
chemical environments that exist on the Moon and Mars.

X-rays and gamma rays are common types of ionizing
radiation used on Earth for medical treatment. The unit used
to describe the amount of radiation absorbed by a material is
the Gray (Gy), which is defined as 1 Joule of energy absorbed
per kilogram of material [U.S.NRC]. However, different types
of ionizing radiation induce different amounts of damage
when biological samples absorb the same dose. To be able
to compare the biological relevance of the different types of
radiation, the absorbed dose is multiplied by a quality factor
for the type of radiation, and this is expressed in the unit of
the Sievert (Sv). X-rays are the standard, so 1 Gy of X-rays
is equivalent to 1 Sv, while heavier ion particle radiation has
a quality factor of 20, and 1 Gy would be equivalent to 20
Sv [U.S.NRC]. On an average six-month mission on the ISS,
an astronaut receives a dose of ~100 mSyv, while on Earth
three medical chest x-rays would be equivalent to 1 mSv or
1 mGy [Sobel and Duncan 2020]. lonizing radiation beyond
LEO includes galactic cosmic radiation (GCR) and solar
particle events (SPE). GCR consists of protons (~87%),
helium (12%) and heavier ions (1%) [Norbury et al., 2019],
while the main concern from SPE is proton exposure. SPE
can also consist of heavier ions and helium. Exposure to GCR
and SPE depends on sunspot activity during the 11-year solar
cycle. When astronauts are on the surface of the Moon or
Mars, back scattered (albedo) particles are generated from
the GCR or SPE colliding with the surface of the planet. The
most dangerous albedo particles for biological systems are
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neutrons. During periods just preceding and just following
solar maxima, there will be coronal mass ejections resulting
in energetic particle storms known to deliver up to 150 cGy,
more than half of which may be attenuated by spacecraft
structures. Currently, radiation and radiobiological research
have been conducted within LEO, where there is protection
from deep-space radiation due to the Earth’s magnetic field.
While the physics of deep-space radiation is well understood,
few empirical measurements have been made of its effects on
organismal growth, metabolism, and genetic stability. Ground
simulation facilities have several limitations, one of which is
that they commonly use unrealistic high dose rates. This is in
part due to time and technology constraints at the available
space radiation facilities, such as the NASA Space Radiation
Laboratory. Radiation is considered a substantial health threat
to human crew on long-duration missions and is likely to affect
the biology of plants and microorganisms in unique ways. On
a mission to Mars, astronauts could be exposed to 1000-1200
mSv of radiation [Sobel and Duncan 2020].

Living beyond LEO will also result in exposure to altered gravity
environments. While microgravity is not unique to the BLEO
environment, moving from Earth’s gravity to microgravity
during spaceflight, to partial gravity once a destination has
been reached, is a feature specific to BLEO. On Mars and
the Moon, the gravitational force is reduced to 1/3rd and 1/6th
Earth’s g, respectively. Some studies of partial gravity have
been conducted on the ISS using centrifuges, but the scale of
such studies is necessarily extremely limited. In addition, the
combined effects of altered gravity and radiation experienced
on the Moon and Mars can only be studied in those settings.
Many of the environments during missions beyond LEO will
harbor specific chemistries that could affect biological systems.
As has been demonstrated on the ISS, unique environmental
conditions exist in closed habitable environments. An example
is altered atmospheric conditions such as elevated carbon
dioxide levels due to the metabolism of living organisms.
Gateway will be the first lunar orbiting space station [Gateway]
and astronauts will live and work on Gateway and use it as
an outpost to transfer to a habitat on the Moon. However,
Gateway and lunar habitats will only be inhabited for 30 days
to three months a year [Canadian Space Agency: Lunar
Gateway] and during the months when astronauts are not
living in these BLEO habitats, it is expected that environmental
conditions will be altered to reduce power usage and will be
less hospitable to living organisms. Hence, the habitat interiors
will likely have unique built-environment microbiomes. Lunar
regolith is another element of the lunar environment that will
likely infiltrate Gateway and lunar habitats. Lunar regolith is
the loose material on the surface of the Moon which is 5-15
meters deep depending on the region [Noble 2013]. The Lunar
maria are visibly darker areas on the Moon that originally
were believed to be seas, and regolith is ~5 meters deep in
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these areas but can be ~10 meters deep in the highlands.
Particle sizes less than 10-20 uym are defined as lunar dust,
and lunar “soil”, or regolith, is up to the sub-centimeter size
range [Noble 2013]. The chemical composition and particle
size varies depending on the sample collection sites [Apollo
16 preliminary examination team 1973; Li et al 2021; Ling et
al 2015]. The Lunar maria consist mainly of basalt, and the
average grain size is about 70 ym [McKay et al., 1991]. The
Astromaterials Research and Exploration Science Division
at NASA [ARES | Astromaterials Research and Exploration
Science (nasa.gov)] curate the lunar and other cosmic
samples and have information on lunar regolith simulants that
mimic different regions of the Moon. While likely posing health
risks to organisms [Lam et al., 2023], lunar regolith could also
be a potential resource. This includes being incorporated into
lunar habitat construction materials [Lee and van Riessen
2022] and in “soil” to grow plants [Paul et al., 2022].

To date, few biological experiments have been performed
beyond LEO: Russia’s Zond 5 sent a diverse group of
organisms on a 6-day circumlunar mission, and the Biostack
experiments | and Il on Apollo 16 and 17 measured the effect
of HZE particle radiation on immobilized organisms such as
bacterial spores during lunar transit [Bicker and Horneck,
1975]. However, BLEO biology research is resuming. In
2019, China’s Chang’e-4 lunar lander was the first mission
to germinate plant seeds on the Moon, in an attempt to
demonstrate a closed biological life support system. NASA’'s
first BLEO biological experiments in decades recently
launched on Artemis 1: BioSentinel sent an autonomous
microfluidic culturing device on a SmallSat to measure the
effect of deep-space radiation on two actively growing yeast
strains (Saccharomyces cerevisiae) in heliocentric orbit [Ricco
etal., 2020; Santa Maria et al., 2020; Padgen et al., 2023], and
4 biological experiments were on board Orion (BioExpt-1),
and samples returned to Earth to determine the biological
effects of exposure to space radiation and microgravity on
plant seeds, algae (Chlamydomonas reinhardltii), and fungus
(Aspegillus nidulans and Saccharomyces cerevisiae).

Beyond LEO flight opportunities typically require payloads to
be ready months prior to launch, and the lead time could be up
to 1 year between the time that a payload is prepared and the
time that it reaches its destination. Experimental organisms
must have the capacity to remain in stasis and viable for
extended time periods and be able to be reactivated reliably.
This limits the range of candidate organisms. Payloads will be
exposed to extreme conditions, and experimental platforms
must have the capacity to mitigate conditions that are not

of scientific interest (e.g., the thermal environment), while
simultaneously being exposed to and accurately measuring the
parameters of interest, such as radiation. As an example, the
thermal environment on the lunar surface changes drastically
throughout the lunar “day” (28 earth days). Minimum night-
time temperature is about 80 K at all latitudes and rises to
maxima of 390 K at the equator, 330 K at 60° latitude, and
290 K at 75°. The poles are colder, 110-180 K in summer and
40 K in winter [Vasavada et al., 1999; Paige et al., 2010]. A
spacecraft orbiting the Moon will be heated to about 100 K
in the Moon’s shadow and 300 K on its illuminated side. The
near-future BLEO opportunities will also require autonomous
experiments due to limited or no crew involvement, and it is
unlikely that sample return will be possible, requiring data to
be collected and transmitted to Earth.

Within the next five years, research will be conducted on
Commercial Lunar Payload Services (CLPS) landers, on
crewed Artemis missions, and in free flyer spacecraft. CLPS
and free-flyer payloads will be responsible for controlling their
own environment and conducting their own experiments.
The CLPS landers will provide power and data interface for
returning data to Earth, while the free-flyer missions must
generate their own power and have their own telemetry
capability. Once free-flyers are placed in a stable orbit, they
can support experiments months-to-years, whereas the
CLPS landers currently have a maximum time of a lunar day
as they cannot survive the lunar night. There will be limited
capacity inside the crewed Orion capsule on future Artemis
missions for science experiments. Since payloads will be
inside the vehicle, the environment will be controlled by an
Environmental Control and Life Support System (ECLSS).
Crew time will be very limited, so experiments will need to be
largely passive or autonomous, as for the CLPS and free-flyer
payloads. Sample return may be available for some Artemis
missions, but would be extremely limited in mass, and cold
storage capacity is unlikely in early missions. Experiments for
Artemis platforms would therefore benefit from using similar
technologies and assays to those used for autonomous
missions, though this platform does offer support for some
experiments that require post-processing of samples on the
ground, especially those using compact, passive hardware.

Seven priority areas were identified by the BLISS-SWG that
require investigation to advance humans thriving in deep
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Figure 1. Summary of future platforms and the likely increasingly complex organisms each can support.

space: Cellular functions, microorganisms and microbial
communities, physiology of multi-cellular animals, plant
development and physiology, host-microbe interactions,
evolutionary processes, and biotechnological processes.
Key questions that need to be addressed for each of these
subjects are provided in this section (Figure 2).

How does the beyond LEO environment impact cellular
functions?

There are fundamental common processes within cells that
are critical to the functioning of the cell, and these are found
in prokaryotes and eukaryotes, and both single-cell and
multicellular organisms. Examples relevant to beyond LEO
include DNA structure, transcription, metabolism, and oxidative
stress responses. Alterations in these critical functions or
pathways can result in changes in phenotype or the ability of
the cell to survive. This section considers questions that need
to be addressed to understand how essential cell processes
could be altered by conditions beyond LEO and, in particular,
by the environment on the Moon. Understanding how these
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fundamental cell processes change will be essential to
proposing and testing countermeasures that will allow humans
to thrive in deep space.

How does exposure to beyond LEO alter DNA structure?
DNA is prone to damage, and ionizing radiation can directly
damage the DNA by ionizing the DNA molecule or by
generating reactive oxygen species (ROS) that oxidize the
bases and deoxyribose backbone. The severity of damage
induction can be modulated by the DNA structure. DNA in all
organisms is protected by proteins that bind and wrap the
DNA. Proteins bound to DNA can change DNA compaction
and influence transcription. Alterations in the levels of these
proteins could change the compaction of the DNA and the
sensitivity to radiation-induced damage.

How does exposure to beyond LEO alter the epigenome

The DNA and eukaryotic histones can be modified: DNA can
be methylated, and histone modifications include acetylation,
phosphorylation, methylation, and ubiquitinylation. These
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Figure 2. Summary of Questions of Importance. Evolution and cellular functions are foundational as they impact everything above.

Biotechnology is applied and relies on everything.

modifications form the epigenome. DNA in eukaryotes and
prokaryotes can be methylated and exposure to radiation
changes DNA methylation patterns [Shi et al., 2014; Miousse
et al., 2017], although dramatic alterations were not detected
during LEO spaceflight in the Twins Study [Garrett-Bakelman
et al., 2019]. Alterations to DNA methylation and chromatin
modifications are biologically relevant as they alter gene
expression and DNA repair. Chromatin remodeling and
chromatin modifying proteins are important for the initiation,
accuracy, and completion of DNA repair [Hunt et al., 2013;
Kim, 2019; Mackenroth and Alani, 2021]. Changes to the
epigenome due to living conditions beyond LEO will be
important for cell survival and possibly evolution as the
epigenome is heritable and has been linked to human disease
[Ramzan et al., 2021].

How does exposure to beyond LEO alter DNA damage, DNA
repair, and DNA mutations?

Deep space radiation can induce complex clustered DNA
damage that is more lethal [Moore et al., 2014] and mutagenic
[Malyarchuk et al., 2004, Sage and Harrison, 2011] than
individual damages introduced by ROS generated from
metabolism on Earth. The steady state level of DNA damage
in a cell is determined by the induction of the damage and
the removal of the damage by DNA repair. The repair of
oxidative base damage and double strand break repair
are relevant to removal of complex radiation damage and
hence to survival after radiation exposure. Misrepaired and
unrepaired DNA damage can result in DNA mutations if cells
survive. Extensive studies have examined chromosome
aberrations and micronuclei formation in mammalian cells
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[Furukawa et al., 2020] and mutations in genes such as the
adenine phosphoribosyl transferase (APRT) in mice [Turker
et al., 2017] using ground-based simulated space radiation.
These studies demonstrated an increase in mutations and
genetic instability at astronaut-relevant doses of particle
radiation. Studies are needed to determine whether space
radiation and partial gravity are synergistic with respect to
increasing mutation frequency and inducing cell death. The
synergy between reduced gravity and radiation may initiate at
a threshold gravitational and/or radiation level, which may be
cell type dependent. DNA damage, signaling, DNA repair, and
DNA mutations need to be examined to determine possible
long-lasting effects of living beyond LEO on humans and
other organisms, as beyond LEO living conditions may induce
inheritable mutations, increase virulence, or increase drug
resistance of organisms.

What changes occur to the transcriptome of cells due to the
BLEO environment?

Alterations to the transcriptome have the potential to change
every characteristic of the cell, as changes in transcript levels
can alter the proteome. Transcription is influenced by DNA
structure, by the epigenome, and by the presence of DNA
damage. DNA microarrays and more recently RNA-Seq are
able to probe changes in gene expression in prokaryotes and
eukaryotes in single cells, mammalian cells in culture, cells
in animals and plants, and host-pathogen or host-symbiotic
partners. In prokaryotes, a common factor identified as
responding to simulated microgravity and to LEO stress is Hfq
[Wilson et al., 2007; Crabbé et al., 2010; Crabbé et al., 2011;
Castro et al., 2011; Soni et al., 2014; Duscher et al., 2018]. Hfq
is an RNA chaperone that binds small regulatory RNAs (sRNA)
and promotes the binding of sRNAs to target RNAs. This
changes the half-life and the translation of the target RNA, and
Hfq is therefore classed as a global gene regulator [Vogel and
Luisi, 2011]. Other pathways altered by simulated microgravity
or spaceflight include stress responses, chemotaxis, motility,
and metabolic pathways [Li et al., 2014; Orsini et al., 2017;
Aunins et al., 2018; Acres et al., 2021]. Pathways found to
change in mammalian cells also include, but are not limited to,
oxidative stress, DNA repair, metabolism, circadian regulated
genes, and NFKB [Liu and Wang, 2008; Ranieri et al, 2015;
Zhang et al., 2017; Paul et al., 2021]. Few published studies
have examined partial gravity, which has required the use of
centrifuges on the ISS or the use of microgravity simulation
devices, such as a random positioning machine on Earth. Two
transcriptome studies used centrifuges on the ISS to examine
cell growth and cell proliferation in Arabidopsis thaliana
seedlings at different gravity levels. These studies did identify
gene expression changes that were different at microgravity,
partial gravity (lunar or Mars), and normal gravity [Herranz
et al,, 2019; Villacampa et al., 2021]. This demonstrates
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the importance of examining the transcriptome of different
types of cells exposed to different gravitational forces. Other
beyond LEO conditions, such as higher CO, level, human/
animal isolation during spaceflight, and lunar dust on the
lunar surface, may induce synergistic changes and add to
the combined effect of radiation and partial/microgravity on
biological systems. Venturing further to the Moon and beyond
to reveal transcriptome modifications will be essential to
understanding the stress pathways activated under conditions
of living beyond low Earth orbit.

How does beyond LEO influence metabolism?
Transcriptomic studies of prokaryotes and eukaryotes
subjected to LEO spaceflight or simulated microgravity have
revealed changes in transcript levels of genes involved in
metabolic pathways. These pathways include oxidative
phosphorylation [Versari et al., 2013; Suzuki et al., 2020],
lipid metabolism [Pecaut et al., 2017; Suzuki et al., 2020],
carbohydrate metabolism [Suzuki et al., 2020; Crabbé et al.,
2013; Uda et al., 2021], and anaerobic metabolism [Crabbé
et al., 2011]. Few studies have measured metabolites or the
activity of specific metabolic pathways. Suzuki et al. (2020)
did find that mouse plasma levels of glycerol, glycine, and
succinate were altered in a similar way by LEO spaceflight
and aging in humans on Earth [Suzuki et al., 2020]. This
suggests that countermeasures may be required to prevent
metabolic human aging on long missions. Ground-based
radiation studies have identified metabolite disturbances
for nucleotides, amino acids, and metabolic markers of
inflammation in the intestines of irradiated mice [Cheema et al.,
2014] and differences were detected between y-ray and %Fe
irradiated mice. GCR and SPE could therefore induce specific
changes to metabolism. Metabolism directly affects the ability
of the cell to generate energy and produce cell components
required for growth and cell maintenance. Metabolism is
also important for generating NADPH, which is needed to
maintain the epigenome and to maintain antioxidants such
as thioredoxin and reduced glutathione. Specific types of
metabolism such as microbial carbon fixation [Rubin-Blum et
al., 2019; Mandal et al., 2021] and plant photosynthesis will be
useful to humans for developing technology and growing food
and so will be essential to life beyond LEO.

Does exposure to beyond LEQ increase oxidative stress in cells?
Cells have protective mechanisms to combat the day-to-
day ROS generated through everyday metabolism, but an
imbalance in ROS production or ROS removal results in
oxidative stress. Microorganisms exposed to LEO spaceflight
[Blachowicz et al., 2019] or simulated microgravity [Crabbé et
al., 2010] do elicit oxidative stress responses and have altered
sensitivity to exogenous oxidative stress. Ground-based
analogs for microgravity and radiation, and LEO spaceflight
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studies have detected oxidative stress in mammalian cells by
staining for lipid peroxidation [Limoli et al, 2007; Overby et al.,
2019; Mao et al., 2020], analyzing the transcriptome [Versari et
al., 2013], and measuring enzymes and antioxidants [Lawler
et al., 2003]. Transcriptome studies have also implicated
oxidative stress in plant responses to space flight [Choi et al.,
2019]. Whereas the mitochondria are the predominant site for
ROS production in animal cells, chloroplasts produce more
ROS in plants than the mitochondria [Speijer et al., 2020].
The main type of ROS produced by these organelles is also
different: chloroplasts produce hydrogen peroxide, while
mitochondria produce superoxide ions that are enzymatically
converted to hydrogen peroxide by superoxide dismutase. The
hydrogen peroxide and hydroxyl radicals that can form from
the hydrogen peroxide can be detoxified by antioxidants and
enzymes to limit oxidative damage to lipid, protein, and DNA.
A decrease in antioxidant capacity, altered mitochondrial gene
expression, and an increase in DNA damage was detected
in the LEO Twins Study [da Silveira et al., 2020]. Exposure
to low dose particle radiation also results in a persistent
oxidative stress [Tseng et al., 2014] that can last weeks to
months. *Fe ion irradiation of mice resulted in increased ROS
in the cerebral cortex for up to 12 months [Suman et al., 2013],
and increased mitochondrial ROS production was detected
in mouse intestinal epithelial cells one year after irradiation
of mice with %Fe ions [Datta et al., 2012]. Increasing the
antioxidant capacity in the mitochondria by overexpressing
catalase did protect from oxidative stress generated from 0.5
Gy proton radiation [Liao et al., 2013], which supports the idea
that the radiation-induced increased ROS and oxidative stress
originates in the mitochondria in eukaryotes. Oxidative stress
is implicated in multiple pathophysiological human conditions
including neurodegeneration, osteoporosis, cardiovascular
disease, diabetes, and cancer. Exposure to deep space
radiation and partial or microgravity on long missions beyond
LEO on the Moon or Mars could result in persistent oxidative
stress and increase the risk of astronauts developing early-
onset degenerative diseases.

How does the Beyond LEO environment
microorganisms and microbial communities?

Microorganisms can serve as models to elucidate
fundamental biological effects of Beyond LEO conditions on
higher organisms, including humans, or they can be studied
to determine the effects on the microorganism itself or the
microbial community it is part of. Single microbes and/or
communities of microbes can provide essential services that
are needed for life support during long-duration missions.
These services include water recycling, waste management,
vitamin production [Horneck et al., 2010], human probiotics,
and plant growth promotion. Coordinated metabolisms of
microbial communities are responsible for key services,

impact

including nutrient cycling and plant growth promotion. It
is currently not known how the space environment beyond
LEO will influence microbial dynamics, their interspecies/
interkingdom interactions, and the overall ecology of the
microbial community. To answer this question, it is important
to take advantage of model microbial systems that have
sufficient simplicity to allow experimental control in beyond
LEO conditions [Jessup et al., 2004].

What are the impacts of deep-space radiation and partial
gravity on microbial biology?

It is currently not known how partial gravity, deep-space
radiation, and the combination of these factors will impact
different types of microorganisms. For studies of individual
microbial species, investigations of interest include studies
of beyond LEO conditions on genetics, growth, reproduction,
and physiology. Prior studies have examined the impact of
microgravity on microbial cultures [section 4.1 above, Manti
et al., 2006], and a number of microbes show altered growth,
aggregation, and resistance to antibiotics in liquid culture
under simulated microgravity or LEO spaceflight [Castro et al.,
2011; Abshire et al 2016; Rosenzweig et al., 2010; Ricco et al
2011; Clary et al., 2022]. Therefore, additional investigations
of interest include studies of growth dynamics, susceptibility
or resistance to antibiotics, biofilm formation, and synthesis of
secondary metabolites under beyond LEO conditions.

How do conditions on the lunar surface impact fundamental
microbial properties?

Specific to the lunar surface, studies of interest include
determination of the effect of albedo particles, lunar dust, and
the lunar chemical environment on microbial biology.

What is the potential for microbial pathogens to emerge
beyond LEO?

An important area for beyond LEO research concerns
understanding the threat of microorganisms as pathogens.
Some microorganisms that are typically non-pathogenic
in Earth environments may pose a threat when conditions
change beyond LEO. Opportunistic pathogens may be
able to survive and colonize new niches in the beyond LEO
environment that could pose a threat to human, animal,
or plant health. For example, Salmonella typhiurium was
significantly more virulent when grown in space [Wilson et
al., 2007]. This topic was also highlighted as a future space
microbiology NASA Research Announcement (NRA) in the
Space Biology Science Plan, which is a document produced
by NASA and poses the following question: “Under the
reduced microbial-diversity conditions of space habitats, do
opportunistic pathogens have a greater survival capacity, and
do they have a greater propensity to infect as compared with
ground controls?” [Space Biology Science Plan, 2016].
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How are communities of microorganisms (synthetic communities,
‘Syncoms’, or characterized assemblies) impacted by beyond
LEO conditions?

Itisimportantto understand how beyond LEO conditions impact
interactions between members of microbial communities and
their coordinated functions. On Earth, microbial communities
have evolved to coordinate metabolic and other interactions
between species. Interactions vary between beneficial mutual
interactions, including commensalism and symbiosis, to
negative interactions, including competition and predation
[Jansson and Hofmockel, 2020; GroRRkopf and Soyer, 2014].
Direct examples of microbe-microbe interactions include
biomass turnover, production of extracellular polysaccharides,
and competitive exclusion. Molecular interactions include
syntrophic interactions that can be either directional or
commensal, quorum sensing, production of antibiotics, and
metabolic division of labor. Questions to address for microbial
communities beyond LEO include: Do microbial communities
persist over time? Are they stable? Does biodiversity remain
stable, or change? Do commensal, cooperative, or competitive
interactions differ in beyond LEO conditions compared to
those on the ground? Questions relevant to microbial systems
biology can also intersect with human microbiome and plant
microbiome ecosystems.

How does Life Beyond LEO impact the Physiology of
Multi-Cellular Animals?

Since cells make up organs, which in turn make up multi-
cellular animals, life beyond LEO is expected to impact
physiology. Thus, it is important to consider studying Beyond
LEO impact on multi-cellular animals at the level of cells as
discussed above and in terms of host-microbe interactions
and evolution. The impact of LEO on human and animal
physiology has been well studied and is regularly reviewed
by the National Academy of Sciences via decadal surveys,
the most recent being published in 2011 with the most recent
decadal survey for the Biological and Physical Sciences was
published in 2023.

How does Beyond LEQO impact physiologic systems?

Since this topic was recently extensively reviewed by the
NASA Life Below Low Earth Orbit Science Working Group,
readers are directed to this review [67] which highlights the
Immune, Muscle and Skeletal, Cardiovascular, and Central
Nervous Systems to be of particular interest for animal
physiology research beyond LEO [NASA Science Working
Group Life Beyond Low Earth Orbit Report, 2018].

How does Life Beyond LEO impact Plant development
and Physiology?

Plants are a vital and valuable component of bioregenerative
life support systems (BLSS) for long-duration space missions.
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Plants provide several crucial functions from production of food
to helping with air purification and recycling of water [Kordyum
and Hasenstein, 2021] as well as psychological benefits [Odeh
and Guy, 2017]. However, there are challenges to growing
plants in LEO and beyond [De Pascale et al., 2021]. These
include providing the essential requirements for optimal plant
growth such as lighting, water, and nutrients. Additionally,
strategies are needed to mitigate the detrimental effects of
radiation and microgravity that are particular hazards of the
Beyond LEO environment. In order to maximize the potential
of plants for BLSS, several key science questions will need to
be addressed concerning seed germination, plant quality and
growth in space.

What are the effects of different g levels on germination, growth,
tropisms, secondary metabolite production, and food quality?
The Moon, Mars, and spacecraft with artificial gravity
represent intermediate g levels between that of Earth and
that of orbital flight. At about 1/6" g, the lunar surface would
be an ideal venue for exploring this question. Intermediate
g levels have been simulated in the laboratory, finding, for
example, lunar gravity impacting root growth parameters in
a similar manner to microgravity and Mars gravity impacting
root growth in a similar manner to Earth gravity [Manzano et
al., 2018]. The European Modular Cultivation System (EMCS)
on the ISS was also used to explore the effects of a five-day
exposure to microgravity or partial g (0.53-0.88 g) levels on
gene expression of Arabidopsis seedlings [Sheppard et al.,
2021]. A subset of genes was identified where expression
changes were correlated with changes in g, and these genes
were related to transcription regulation, defense, heat shock,
and the cell wall.

How can root zone water, nutrient, and O, provision be
optimized for plant quality and growth in space?

The optimization of water, nutrients, and O, to the root zone
is critical for plant health and the behavior of water and
nutrient solutions under partial gravity conditions needs to be
understood. While numerous plant species have been grown
on orbit, some with astounding success, root matrix selection,
and design require continued exploration, and the relative
merits of porous media, hydroponic seal, and aeroponic mist
(which is of rising interest) are still under discussion. NASA
is implementing a Passive Orbital Nutrient Delivery System
(PONDS) prototype into a flight-qualified Enhanced Passive
Water Delivery System (EPWDS) for the eventual purpose of
most effectively delivering aqueous nutrient solutions to the
roots of plants intended for food. A lunar settlement might use
regolith as porous root-zone media to minimize equipment,
upmass, and energy. Seed germination tests with lunar
regolith simulant and deionized water [Wamelink et al., 2014],
as well as root zone aeration by oxygen producing polymers
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[MacDonald et al., 2020], have yielded encouraging results
and need to be explored further. More recently, A. thaliana
was grown in lunar regolith, but plants developed slowly and
exhibited signs of stress [Paul et al., 2022].

How do plant-microbe interactions affect plant quality and
growth in space (beneficial as well as pathogens)?
Beneficial microbes can promote plant growth, increase
resistance to pathogens, and reduce the need for fertilizer
input [Gopalakrishnan et al., 2015; Backer et al., 2018].
Therefore, microbes would be valuable additions to increase
plant productivity in space. In nature, the plant microbiome
is varied and diverse and more ground-based studies are
needed to develop minimal synthetic consortia to supplement
non-soil-based growth media in space. Beneficial microbial
strains will need to be carefully vetted to ensure safety and
efficacy. Studies are also needed to understand the response
of plants in space to opportunistic pathogens. Some bacterial
pathogens were found to be more virulent in space, which
could increase the risk of plant disease. Zinnia plants growing
in Veggie hardware on the ISS were more susceptible to
Fusarium infection when their roots were under hypoxia
and excess water [Schuerger et al., 2021]. Currently, plant
seeds are sanitized to minimize crew health risks. However,
this could lead to a higher susceptibility to opportunistic
pathogens from the unique microbiome of a transit vehicle.
Understanding the impact of long-duration culture and
fractional gravity on interactions between the microbe, the
host, and the environment will be important for humans
traveling and living beyond LEO.

What are the effects of different radiation levels on plant
quality and growth in space?

Numerous published findings have shown that the effect of
ionizing radiation on plants depends upon species, cultivar,
development stage, tissue architecture, and genome
organization, as well as radiation features, e.g. quality, dose,
and duration of exposure [De Micco et al., 2011; Arena et al.,
2014; Caplin et al., 2018]. In deep space, GCR is present
as an extremely low dose background radiation, which may
have less impact on short term plant growth experiments. For
example, the maximum accumulative GCR dose is in the milli
Gray (mGy) range for a 10-day exposure, and earth-based
studies have demonstrated that 290 mGy of simulated GCR
did not reduce the germination rate of Arabidopsis seeds
and did not significantly alter the length of the roots of the
seedlings from the germinated seeds [Zhang et al., 2022].
Thus, for imbibed seeds, protons released from a large SPE
pose a more significant impact than GCR. However, dry
seeds in long-term storage during deep space missions will
be exposed to a much higher accumulative GCR dose, which
will affect seed viability over a long-duration mission.

Long-duration exposure of seeds to the space environment have
been carried out using MISSE, EXPOSE-E and R, and LDEF
platforms.Ingeneral, these studies have shownthatseed viability
and germination are negatively impacted, although the severity
of the response varied between experiments and plant species
tested [Novikova et al., 2015; Sugimoto et al., 2016; Tepfer and
Leach, 2017]. Following the EXPOSE-E mission, Arabidopsis
seed survival was 23%; however, germination dropped to 3%
with no survival, following the EXPOSE-R mission where total
UV and cosmic radiation doses were >1.4 times higher. In a
recent experiment (CRESS 1U CubeSat), Arabidopsis seeds
(under 1 atm) were exposed to the stratosphere (36-40 km)
environment above Antarctica in a 30 day long-duration high
altitude balloon mission. In a parallel experiment, seeds were
exposed to 40 cGy GCR simulation at NSRL. GCR- and
stratosphere-exposed seeds showed significantly reduced
germination rates of 76.4% and 82.5%, respectively compared
to 98% for the controls. Significantly elevated somatic mutation
rates (and developmental aberrations) were also revealed in
these GCR- or stratosphere-exposed seeds, with the GCR
exposure generating a significantly higher mutation rate than
that of Antarctica. These mutations also resulted in the death
or delayed growth of certain plant organs. Heritable mutations
were found in the second generation of the GCR-irradiated
seeds [Califar et al., 2018]. Heritable epigenetic changes have
also been detected in rice seeds following space flight [Ou et
al., 2009]. ltis clear that more studies need to be conducted, on
a variety of space crops, to determine the impact of deep space
radiation on critical developmental stages in the plant life cycle.

What conditions are necessary for successful lunar agriculture?
Maximizing the lunar environment for crop growth would
involve a minimally pressurized containment, maximum use of
natural ambient light, and lunar regolith as root matrix [Ellery,
2021]. Potential challenges faced by plants in a pressurized
enclosure on the Moon include sunlight intensity (1.37 vs. 1.0
kW/cm? on Earth), spectrum (UV below 250 nm) and cycle (14
dvs. 12 h on/off), temperature (+120°C) and its fluctuations (to
-170°C), and regolith composition (basalt, pyroxene, olivine).

How does atmospheric composition and pressure affect plant
quality and growth in space?

Maintaining atmospheric pressure during long-duration
missions imposes costs associated with mass and energy
requirements. Defining the limits of pressure and composition
that are needed for optimal plant growth is therefore of
great interest [Paul and Feri, 2006]. Much of our current
understanding of plant adaptations to low atmospheric
pressure comes from experiments conducted at high altitude
locations as well as in hypobaric chambers. These studies
have revealed that low atmospheric pressure results in
hypoxia as well as increased water loss by transpiration.
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Transcriptional studies have shown that the effects of
hypobaria can be partially mitigated by sufficient O, and water
availability [Paul et al., 2004; Zhou et al., 2017]. However,
hypobaria also constitutes a unique stress, and more studies
are needed to enable plants to adapt and thrive under these
unfamiliar environmental conditions.

What plants and novel organisms should be used and or
developed for food production and BLSS in space?

The ideal plants for food production would be high yielding
(high harvest index) with minimum hardware requirements,
small upmass, and energy provision. A fully consumable plant
with less waste would be valuable (i.e., 10-day aeroponic
beet). Microgreens are good candidates [Kyriacou et al.,
2017] as well as tuberous crops with high edible biomass
such as potatoes [Wheeler et al., 2019; Paradiso et al., 2020].
Additionally, cyanobacteria or unicellular algae could be used
to recycle oxygen from CO, as well as provide food at the end
of their growth cycle; however, palatability issues will need
to be solved by further research for the feasibility of crew
consumption. Research will also be needed to generate crop
cultivars with improved traits either by breeding/selection
or genetic engineering. Traits of interest include the ability
to withstand stress, enhanced plant performance under
unfavorable conditions, resistance to pathogens/pests, and
improved nutritional content.

What are the effects of different magnetic field levels on plant
quality and growth in space?

Although some claims have been made concerning the effects
of modified magnetic environments on plant processes, there
has been no evidence thus far that removal of plants from
the Earth’s 3 x 10 Tesla field will have a catastrophic effect
on plant performance. More work may be needed to fully
understand the consequences of altered magnetic fields on
long term plant propagation.

Multi-stressor effects

It is clear that plants on Earth are exposed to multiple
stressors simultaneously, which may have antagonistic or
synergistic interactions. Recent work has shown that plant
responses to multiple stress combinations are unique and
cannot be extrapolated from the response to a single stress
treatment [Suzuki et al., 2014; Zandalinas et al., 2018].
Similarly, plants in spaceflight are exposed to a combination
of unfavorable conditions, such as radiation, altered gravity,
non-optimal growth conditions (including water stress, high
CO, and VOC levels, and altered air pressure). To date,
combined effects have not been studied in crop plants and
other candidate biology for deep space BLSS. Ground-based
simulation studies are able to provide some insight; however,
to obtain high fidelity, data, seeds, and plants still need to
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be tested in the true deep space environment to prove the
knowledge base and validate mitigation concepts developed
from ground-based studies.

What are the comparative effects of ambient vs. built-
environment (LED) illumination on photosynthesis and
tropisms?

While spectrally ideal combinations of LEDs have been
identified, it would still be valuable to investigate a means of
using the ambient continuous daylight of interplanetary space
to potentially save energy and spacecraft complexity.

How does the Beyond LEO environment impact host/
microbe positive and negative interactions?

Gravity represents one of the few constant evolutionary
drivers of life on Earth [Morey-Holton, 2003]. How
multicellular organisms respond to gradients in gravity or
how these gradients shape the evolution of life is not fully
understood [Volkmann and Baluska, 2006]. Compounding
our understanding of the mechanisms underlying the effects
of changing gravity conditions on eukaryotic health is the lack
of understanding of the impact of changes in gravity on host-
associated microbiomes [Turroni et al., 2020]. A microbiome
is typically defined as the sum of the microbes, genomes, and
community interactions that interact with the body [Whipps,
1988; Lederberg and McCray, 2001; Eisen, 2015]. The term
has been quickly adopted to represent the connectivity and
interactions between complex host-microbe associations
[Eisen, 2015]. Initial surveys indicate that for every host gene
there are hundreds of microbial genes, thereby providing the
host with millions of genes of additional metabolic functional
potential [Dethlefsen et al, 2007]. Because of the intricate
interplay between the host and its associated microbiome, it
is imperative to also understand how radiation impacts the
host microbiome and if the microbiome can be harnessed to
counteract some of the negative impacts.

Together, these efforts to understand the diversity and
stability of host-microbe interactions under changing gravity
and radiation conditions will provide important insight into
the resiliency of the host microbiome to withstand the stress
of spaceflight. Regular disturbances and perturbations
may result in a loss of biodiversity or extirpation (i.e., the
extinction of a species in a localized area within the host)
that may potentially drive the community towards dysbiosis
and disease of the host. Therefore, it is critical to provide a
comprehensive assessment not only of the complement of
microbiota associating with plant and animal hosts in the
space environment, but how the interactions between a host
and its associated microbiome are initiated, persist, and
are maintained over long-duration spaceflight. Through the
examination of these processes, it is likely that signatures of
host-microbe co-evolution within the spaceflight environment
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will emerge and may be used to help mitigate and attenuate
any negative impacts on host health.

How does the host microbiome change over long-duration
space travel?

Long-duration space travel microbiome research needs to be
a critical area of study. There has been a rapid rise in the
number of microbiome studies conducted under spaceflight
or modeled microgravity conditions, especially regarding
astronaut health [Garrett-Bakelman et al., 2019; Jiang et al.,
2019; Voorhies et al., 2019; Liu et al., 2020]. However, most
of these studies have either focused on short-term changes
in hosts or have included very small sample sizes. As the
number of space stations increase and are inhabited, it will
be important to monitor the microbiome of the crew as well
as the station to understand the changes and exchanges
that occur between the human host and the habitat. It will be
important to know if host microbiomes are stable over time,
to what extent there is exchange between habitats and hosts,
whether probiotic supplements are helpful to hosts if key taxa
are extirpated, and whether the stability of the space station
habitat microbiome can mitigate the spread of pathogens for
plant and animal hosts.

How are beneficial interactions with microbes established in
the space environment?

Understanding whether the space environment negatively
impacts the formation of host microbe interactions will be
essential for long-duration space flight and ecosystem
maintenance. For example, as the growth of food crops is
likely to diversify beyond lettuce and chili peppers, the initiation
and establishment of the rhizosphere and host microbiome
will be necessary under spaceflight or lunar gravity conditions.
Evidence using partial gravity simulations of plants have found
distinctive thresholds of cell growth and proliferation [Manzano
et al., 2018], but the impact on the associated microbes has
yet to be fully explored. Likewise, animal physiology under
a changing gravity continuum also shows changes [Hariom
et al., 2021]; however, only a few studies have examined
the initiation of animal-microbe interactions in modeled
microgravity conditions [Foster et al., 2014; Casaburi et al.,
2017]. Key areas of study should evaluate whether there are
gravity thresholds for successful colonization of host tissues,
assess whether there are changes in colonization phenotypes
across the gravity continuum, and determine whether host-
microbe interactions change due to the space environment.

How are functional activities of beneficial interactions with
microbes maintained throughout the life of the host organism
in the space environment?

It is not known whether long-term spaceflight conditions
will negatively impact the persistence and normal healthy

functions of the host-microbe interactions. There is very little
data on the metabolic activity and exchange that occurs
between a host and its microbiome in the space environment
over long periods of time (e.g., > six months). Key areas
of study should evaluate the signaling pathways used by
microbes and their host to communicate under the stress of
the space environment and assess whether microbes regulate
and control host processes in different ways under a gravity
continuum and/or changes in radiation.

How does the Beyond LEO environment impact the
evolutionary process?

Exploration scenarios in the Beyond LEO context will expose
Earth life to new mutagenic sources and selection pressures.
For the crew and associated biology (e.g., seeds and plants
for fresh food), it is likely that physiological acclimation will
dominate over evolutionary processes. However, the co-
occurring microbial bio-load and microbiome, be it viruses,
fungi and other small eukaryotes, or bacteria, will be exposed
to spaceflight stressors on evolutionarily relevant timescales.
With their large population sizes and short generation times
and the inability of flight programs to completely control the
microbiota of spacecraft and crew, understanding how these
microbes adapt evolutionarily to life beyond LEO is critical.
The evolution of bacteria, fungi, plant-microbe interactions,
and population-level genetics in the context of in-situ resource
utilization (ISRU), food production, and human health in
spaceflight are long-term targets for fundamental research.
Microbes will play key roles in the development of biologically
based closed-loop regenerative life support, food production,
and ISRU and will have extensive interactions with human
and plant hosts. Further, microbes will pose challenges
through contamination, as nuisance factors such as biofilms,
and through enhanced pathogenicity and antibiotic resistance
[Padgen et al., 2020; Clary et al., 2022]. Previous spaceflight
experiments with microbes have documented striking
physiological and phenotypic changes including differences
in growth rates, enhanced antibiotic resistance, and virulence
[Juergensmeyer et al., 1999; Nickerson et al., 2000; Nickerson
et al., 2004; Klaus et al., 2006; Nicholson et al., 2011; Ott et
al., 2004; Ott et al., 2020]. New bacterial species have been
identified on the ISS [Bijlani et al., 2021], though it is unclear
if they evolved there, and there is evidence of colonization of
crew microbiomes by ISS microbes [Lee et al., 2021; Morrison
et al., 2021]. Potentially virulent bacteria exist onboard ISS,
with some evidence of persistence and even an increase in
virulence factors [Singh et al., 2018].

Although many studies have detailed physiological adaptation
to the space environment [Leys et al., 2004], studies that
examine underlying genetic changes that might also occur
via evolutionary change or adaptation are lacking. Long-term
evolutionary studies are a logistical and technical challenge in
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the context of spaceflight, where experimental requirements
specify automation with minimal to no human intervention,
and dictate limitations on experimental duration, power,
mass, storage, and sample return.

Evolution is complex and includes multiple aspects, including
epigenetics, e.g., methylation, as well as neutral and
population-level processes, and the co-evolution of microbes
with the built environment, and with plant and human hosts.
In order to advance understanding of how life evolves in
the space exploration environment, fundamental science
questions will need to be addressed concerning microbial
evolution and adaptation, microbe-host interactions, and
risks and countermeasures in space.

How does long-duration spaceflight and exploration affect
rates of evolutionary change?

Experimental evolution studies with bacteria on Earth
have revealed general rates and processes for mutation,
adaptation, and bacterial evolution in laboratory settings
[Elena et al., 2003; Wielgoss et al., 2011]. Adaptation to a
new, benign environment, as indicated by clear increases
in growth rate, can take up to 1,000 generations to be
clearly observable, with examples of even faster adaptation
occurring under selective conditions, and it has been
previously noted that increasing growth rate is a hallmark
of adaptation to selective conditions [Nicholson et al., 2011;
Lenski and Travisano, 1994; Barrick et al., 2009; Maughan
and Nicholson, 2011]. Comparable evolution studies in
spaceflight are lacking. In space, particularly with ISS-based
microbial studies, a wealth of information on the diversity and
distribution of microbial taxa has been reported, including the
collection of microbial isolates, sequences, and genomes
[Singh et al., 2018]. However, there is little to no ability to
know the provenance of an individual sequence, genome, or
isolate; is it representative of a lineage that has persisted and
evolved for decades onboard the ISS, or is it representative
of a microbe newly arrived with the latest crew transfer or
resupply mission? Controlled multi-generational evolution
studies are needed to explore the mechanistic nature of
the evolutionary process. In particular, understanding the
evolutionary responses to variable gravity and radiation will
be foundational in understanding how life is impacted across
generations at the molecular genetic level.

What are the targets of genetic, molecular, and biochemical
processes that are selected upon in the Beyond LEO space
environment?

More specific to a general understanding of changes in rates
of mutation and the evolutionary process in spaceflight is
the question of what genes, pathways, and processes are
specifically affected. Does the space environment cause
epigenetic changes, and which genes are susceptible or
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affected, and how does this impact biological function in space
and after return to Earth gravity? Studies that target specific
phenotypic traits in an evolutionary context (e.g., antibiotic
resistance and virulence, motility, membrane transport,
and cell adhesion) will be of particular interest. Further,
population-level selection will occur on microbial communities
in the beyond LEO environment, including microbe-microbe
and microbe-host interactions. Studies that can elucidate
how these microbial communities adapt to spaceflight will be
important. Adaptation of microarray technology to flight, or
targeted gene-expression studies will be invaluable, although
linking the data expected to be collected to evolution (versus
acclimation) may be a challenge without the possibility of
sample return.

How does the Beyond LEO environment
biotechnological processes?

Biotechnological processes have unique features that
make them appealing in the deep space environment
(low temperature, low pressure, regenerable, expandable,
programmable) and are the only means of manufacturing
certain products (e.g., protein products such as enzymes
and biologics). They can also make a far wider range of
products or chemicals (e.g., drugs) available on a space
mission to address contingencies than could be manifested
as cargo. Because of this, NASA and other space agencies
are developing new biological technologies to fill defined
technology gaps [Bryan, 2020] and enable new mission
architectures. For example, CUBES (Center for the Utilization
of Biological Engineering in Space) is a 5-year $15 M multi-
institute effort to develop concepts and technologies to
support a biotechnology ecosystem on Mars [McNulty et al.,
2021], and various perspectives on the utility of biotechnology
for space are available [McNulty et al., 2021; Karouia et al.,
2017; Menezes et al., 2015; Sleator and Smith, 2019; Snyder
etal., 2019; Shiwei et al., 2020]. Examples of biotechnological
processes under development to advance space travel
include the MELISSA (Micro-Ecological Life Support System
Alternative) project, 3D printing, and in-space manufacturing
of organs for medical use.

The MELISSA (Micro-Ecological Life Support System
Alternative) project aims to develop a closed-loop system
for air, water, and waste management in space habitats.
MELISSA relies upon four subsystems: an anaerobic
liquifying compartment that converts heterogeneous wastes
to ammonium ion, H,, CO,, volatile fatty acids, and minerals;
a photoheterotrophic compartment that removes the
remaining volatile fatty acids; a nitrifying compartment that
converts ammonium ion to nitrates; and a photoautotrophic
compartment responsible for regenerating oxygen. MELISSA
has operated a pilot process on Earth to improve integration
between these systems [Godia et al., 2004], and a set of
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spaceflight experiments has assessed the performance and
stability of individual components [ligrande et al., 2019].
In-space additive manufacturing could enable new mission
architectures and 3D printing is under continual development.
Currently, Made In Space operates a 3D filament printer on
the ISS capable of utilizing various input substrates (presently
ABS, HDPE, and PEI-PC polymers are authorized). Future
deep space 3D printing operations could be constrained by
the need for continual resupply of substrate from Earth. To
relieve these constraints, various approaches for generating
these substrates from locally sourced materials are being
investigated. Amongst these are microbially generated
polyhydroxyalkanoates (PHAs). PHAs serve as a source of
stored carbon for multiple microbial species, and in some
conditions, PHAs can make up >50% of cellular dry mass.
Over 150 different varieties of PHAs have been discovered, all
with different material characteristics [Surendran et al., 2020].
Using a variety of input materials, microbially generated PHAs
could be procured in-space at sufficient scale to improve
missions’ architectures [Menezes et al., 2015].

Microbes can be used for processes that can support
sustainable human exploration of space. For example,
bacteria and fungi can be used to extract and recover
valuable metals from minerals [Kaksonen et al., 2020]. In fact,
this is commonly done on Earth and 15% and 5% of copper
and gold, respectively, currently on the market come from
biomining processes. Additionally, microorganisms can be
used to extract rare earth elements from ores (e.g., asteroid
regolith), as well as electronic waste (printed circuit boards).
The effectiveness of biomining processes has already been
tested on ISS under a European project, including reduction
of vanadium [Cockell et al. 2021]. Another biotechnological
process that may be implemented beyond LEO using bacteria
is the bioremediation of habitat air (CO, removal, O, generation)
and water (removal of human- and machine-produced toxic
compounds) [Ojuederie & Babalola, 2017]. Microbes can also
aid in soil formation efforts to enable crops to grow on regolith
(unconsolidated and heterogeneous rock deposits, such as
on the lunar surface and Mars). An additional application is
bioconcrete production (microbiologically induced calcite
precipitation (MICP)) [Mujah et al., 2016].

In-space repair/manufacture/assembly of (certain) human
organs would improve in-space medical capabilities.
Moreover, the microgravity environment of space may result
in improved organ characteristics, which could lead to a
terrestrial market for in-space manufactured organs. As such,
in-space organ printing is being pursued. Recently, a scaffold-
free and nozzle-free magnetic levitation-based process has
successfully generated tissue spheroids (chondrospheres) on
the ISS [Parfenov et al., 2020].

Beyond these examples, biotechnology promises to be flexible
enough to provide multiple services including generation of

edible nutrients, pharmaceuticals, materials, catalysts, and
fuels. As bioengineering and synthetic biology tools continue
to improve, biotechnology will become more desirable and
competitive to traditional approaches for obtaining key
materials (i.e., resupply or strictly physicochemical systems)
and resources during space missions.

How does the lunar gravity environment affect biotechnological
processes?

Reduced gravity could directly or indirectly impact cellular
and biochemical processes. These changes would influence
biotechnological processes by altering the ambient baseline
conditions under which a cellular factory would operate and
may impair or improve biological processes. For example,
production of valuable secondary metabolites were alternately
increased or decreased in distinct strains of Aspergillus
nidulans grown on the ISS [Romsdahl et al., 2019]. Beyond
this, there are additional concerns with reduced gravity that
only become relevant in the context of a biotechnological
process. For example, foaming within terrestrial bioreactors is
a major concern that must be managed, and it is reasonable to
expect that the severity of this problem and the effectiveness
of different mitigation strategies may be altered in the lunar
gravity environment. The same is true for all aspects of gas or
fluid management in a biotechnological process, particularly
those related to mass transport. Thus, there would be great
value in experiments designed to test and validate these
aspects of a biotechnological process.

How does the Lunar radiation environment affect
biotechnological processes?

The lunar environment - particularly the lunar radiation
environment - could lead to increased mutation rates and
an altered biologically selective landscape. This could be of
particular concern for biotechnological processes that need
to be reliably operated within specified parameters. Even on
Earth, continuously operated systems face issues with culture
stability, as the metabolic burden associated with production
can select for cells with reduced productivity [Kopp et al.,
2019]. This is because high production output necessitates
diversion of carbon and protein synthesis capacity away from
core processes necessary for cell growth and replication and
towards the synthesis of pathway enzymes and/or products.
Thus, cells with reduced productivity will usually grow faster.
Developing methods to measure and respond to cellular
burden is a major goal of synthetic biology [Han and Zhang,
2020]. Approaches include the development of “anti-mutator”
strains of E. coli [Deatherage et al., 2018], pathway synthesis
on orthogonal ribosomes [Darlington et al., 2018], feedback
control circuits [Ceroni et al., 2018; Liu and Zhang, 2018],
metabolic switching through two-stage fermentation [Yang
et al., 2018; Gao et al., 2019], population quality control with
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sensor-selector [Rugbjerg et al., 2018; Guo et al., 2019], or
growth-coupled production approaches [Wang et al., 2019].

How can biotechnological processes best utilize Ilunar
resources?

Any biotech process at scale will need to acquire resources
(carbon, oxygen, nitrogen, water) on site to avoid costly
delivery from Earth. As the Moon effectively lacks an
atmosphere, all resources must be sourced from the lunar
regolith. The lunar surface can be subdivided into the ancient
lunar highlands and the younger lunar mare (‘seas’). The
lunar highlands are rich in calcium, aluminum, silicon, and
oxygen in the form of anorthite (CaAlLSi,O,) [Crawford,
2015], but poor in magnesium and iron. The lunar maria are
relatively rich in magnesium, iron and titanium in the form
of anorthite (CaAlSi,O,), orthopyroxene ((Mg,Fe)SiO,),
clinopyroxene (Ca(Fe,Mg)Si,O,), olivine ((Mg,Fe),SiO,), and
ilmenite (FeTiO,), but poorer in calcium and aluminum. At
the surface, these minerals exist as a layer of loose regolith
several meters thick with an average grain size of 60-70 pm.
The lunar surface is constantly bombarded by the solar wind,
which consists primarily of hydrogen and helium nuclei (by
number) with heavier elements making up less than 0.1%.
These solar wind particles accumulate in the regolith with
volatile carbon present at a concentration of ~125 ppm (ug/g).
In 2009, the Lunar Crater Observation and Sensing Satellite
(LCROSS) impacted Cabeus crater on the Moon’s south pole
and revealed the presence of CO,, light hydrocarbons (CH,,
C,H,) [Colaprete et al., 2010], and CO [Gladstone et al., 2010].
Overall, the Moon is highly depleted of water, but recent
discoveries show its presence within Permanently Shadowed
Regions (PSR) at the poles where water delivered from comets
or formed through reactions with the solar wind has been
trapped. In addition, there is evidence for hydrated minerals
outside of the PSR at high latitudes, likely formed through
reaction with the solar wind. Oxygen is present within the
various sources of water but also within anhydrous oxide and
silicate minerals, making up >40% of lunar regolith by mass.
Extraction of these mineral and water resources for use in
biological processes would take place in the context of a
larger In Situ Resources Utilization (ISRU) system focused
on the extraction and generation of critical life- and mission-
support resources (e.g., oxygen, propellant). Biotech
processes would comprise one component of the larger
ISRU ecosystem that would rely on lunar regolith [Sanders
and Duke, 2005]. For example, over 20 processes have
been identified to extract oxygen from lunar regolith, with two
having demonstrated their effectiveness at human-relevant
scales. They have been developed to a low-medium fidelity
level and have demonstrated overall performance in critical
areas. In NASA, technology/hardware development has
specific milestones to define the Technology Readiness Level
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(TRL) [NASA Technology Readiness definition], and these
two processes are at least TRL 4-5, with TRL 9 defined as
successfully operated in a flight mission. The two types are a
Hydrogen Reduction process where iron oxide is reduced to
iron and water with hydrogen at 900°C and a Carbothermal
Reduction process where silicates are reduced at 1600°C to
generate CO and H,, which are then converted to CH, and
water. The water is then electrolyzed to O, and H, [Sanders
and Duke, 2005]. As the larger lunar ISRU framework is
further developed, it would be valuable to test the integration
of biotechnological processes with this infrastructure on
the Moon. This could include experiments that are directly
attached to future ISRU validation hardware, or stand-alone
missions that have dedicated mechanisms for the sampling
and processing of lunar regolith.

Experiments in the next five years will need to be autonomous
with no sample return and require the test cell/organism to
be able to survive long pre-launch and transit times. Beyond
LEO experiments will likely use the Orion capsule, lunar
lander, and free-flyer platforms. Table 1 summarizes the
organisms/cell systems that will allow some of the questions
posed above to be addressed. In the near future, single
cell organisms, simple multi-cellular organisms, or seeds
that can survive dormant until experiments are initiated
can be used to interrogate questions for cellular function,
microorganisms and microbial communities, plant physiology,
and biotechnological processes. Experiments using fish or
mice will not be possible, but hardware to study nematodes
will be available. Technology advancements are needed to
allow autonomous culturing of microbes, mammalian cells,
and organ-on-a chip to move the experiments to multi-
generational experiments to study evolution and multi-cellular
experiments to study microbe-host interaction. Differentiated
mammalian cells and organs-on-a-chip need only medium
changing to keep the cultures alive, and advancements in
hardware to maintain appropriate environmental conditions
should be available in the next five years. To move beyond
the study of seeds, autonomous seed germination, plant
maintenance, and monitoring of small plants will be needed
to address questions of plant development and physiology.

Autonomous processing of samples to perform autonomous
RNA-Seq and metabolomics will likely be unavailable in
the near future. Recent advances in microfluidics for PCR
amplification and small single molecule sequencing platforms,
such as nanopore (MinlON) sequencing, should allow studies
into evolution and microbial genome stability, especially with
single organism cultures. With the use of fluorescence and light
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Table 1. Organisms and Sample Types Proposed for Space Biology Research Beyond LEO in the Next 5 years.

Research Themes / Sections

Organism / Considerations &  SECTION A. SECTION B. SECTION C. SECTION D. SECTION E. SECTION F. SECTION G.
Sample Type Rationale Cellular Fundamental Multicellular  Plant Development  Host-Microbe Evolution Biotechnological
Functions Microbiology and  Physiology and Physiology Interactions Processes
Ecology
Cell Cultures Mammalian and Mammalian cell Not applicable Organon a Plant cell culture Organ on a chip Open Mammalian, human
plant experiments culture chip JJ) and plant cell cultures
are possible Specifically, cell Organ on a chip
without experiment  types related
and hardware to the Human
requirements Research
necessary for Program risk
vertebrates or large gaps
plants
Model Bacteria Extensive Single-celled Representatives Not Pathogenic and plant Open Single-celled bacteria
and Archaea published bacteria and of functional applicable growth promoting Bacillus and archaea
understanding archaea guilds of interest: bacteria more applicable Deinococcus
of organism photosynthetic, Cyanobacteria to co-cultures Escherechia
characteristics, anaerobic, nitrogen and complex Pseudomonas
often with flight cycle, carbon cycle, communities Salmonella
heritage and etc. Cyanobacteria
established Stress tolerant
experimental microbes:
systems radiation tolerant,
spore formers,
psychrophiles, etc.
Model Eukarya Extensive Single-celled Representatives of Yeasts Green algae including Arabidopsis Green algae Single-celled yeasts
published yeasts fungi and protists Small animal Chlorella Crop species i.e. Chlorella Filamentous fungi
understanding that carry out eukaryote Moss species e.g. lettuce, Yeasts and
of organism Arabidopsis specific functions e.g. worms, Arabidopsis mizuna, filamentous fungi
characteristics, and/or are stress flies, fish Crop species as peppers Small animal
often with flight tolerant. Mus seeds and mature Hydra eukaryotes
heritage and plants e.g. lettuce, Rotifers e.g. Nematodes
established tomato, peppers, Chlorella and Tardigrades
experimental maize Small plants
systems e.g. Brassica
cultivars,
Arabidopsis
Organisms Studies of specific Engineered Nitrogen-cycle Open Pathogenic and plant Probiotics for Nitrogen-cycle Chemolithoautotrophs
Useful for species, biological organisms bacteria growth promoting plants and bacteria Thermophiles
Targeted behaviors or e.g. with Oxygenic and bacteria humans Oxygenic and
Functions or processes promoter- anoxygenic Plants suited anoxygenic
Questions of interest in reporter photosynthetic for efficient food photosynthetic
spaceflight and constructs, bacteria production (tubers, bacteria
BLEO; can fluorescent Sulfur metabolism beets, microgreens) Chemo- and
include non-model protein vector Halotrophy and autotrophic
organisms radiation resistance metabolisms
Chemo- and
autotrophic
metabolisms
Co-Cultures The effects of the Open Metabolic Open Pathogenic and plant Hydra and Plant-associated Syntrophy
BLEO environment interactions of growth promoting algae and plant growth
on interaction microbes and bacteria Model host- promoting
effects between coordinated microbe bacteria
organisms in functions symbiotic Symbiosis,
a defined and Symbiosis, systems commensalism
controlled manner commensalism and e.g. hydra and and syntrophy
syntrophy algae Competition and
Competition and Organ- predation
predation on-a-chip
(human cells
co-cultured
with specific
microbes)
Synthetic model
communities
The responses of Naturally-evolved
complex, natural communities
communities to the e.g. soils, microbial Naturally-evolved G ki Synthetic model
BLEO and extreme . mats communities uts, s n-, communities
Complex bui - Combined Not . plant- and built- . o
i uilt environment Cell cultures of . e.g. soils . . Gut-, skin-, Biofilms
Communities phenotypes . applicable : microbiome )
that cannot be gut, skin, plant Gut-, skin-, plant- and Termites plant- and built-
microbiome

reliably predicted
from reductionist

approaches.

with associated built-microbiome

microbes.
Built microbiome
(potential living
space BLEO)
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microscopy, studies of targeted gene expression, organelle
function, oxidative stress, and microbial interaction using
fluorescent-tagged cells are possible. Sensors to measure
fluorescence and light of different wavelengths opens the
possibility of monitoring fluorescent activity-based probes for
specific enzyme activity, bioluminescence to monitor growth,
and viability and growth using colorimetric metabolic activity
dyes. The ability to capture images and videos of seed
germination or plant growth should also be available in the
next five years and will advance our understanding of plant
development beyond LEO.

This summary of the 2021 report of the BLISS committee
provides recommendations for research beyond LEO from
space biologists who work with a variety of organisms and
study different aspects of space biology. Here, the focus has
been on the important questions identified by the committee.
The full report is available at the NASA Technical Reports
Server (https://ntrs.nasa.gov/citations/20210023324) and
provides greater detail about the beyond LEO environment,
potential experiments, and technology needed to perform
experiments.

Moving space biology research beyond LEO will advance the
understanding of how organisms from bacteria to humans
can adapt to and survive microgravity, partial gravity, and
the radiation environment. These experiments cannot be
fully simulated on Earth, especially work utilizing the lunar
environment to cultivate plants for food and to develop
materials to sustain human habitation. The basic knowledge
obtained by performing experiments beyond LEO will be
essential for eventual remote human survival on other
planets.
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