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The domestication of agriculture is widely recognized as one of the most crucial technological
adaptations for the transition of humanity fromhunter-and-gatherer groups into early city-states and
ultimately, complex civilizations. As humankind sets forth to permanently establish itself on the
Moon and use it as a testing ground to colonize other worlds, like Mars, agriculture will again play a
pivotal role. In this case, the development of sustainable crop production systems capable of
succeeding in these harsh environments becomes vital to the success of our star-faring journey.
Over decades, studies varying in species and approaches have been conducted in microgravity,
testing the limits of plants and various growth systems, to better understand how Earth-based
agriculture could be translated into environmental conditions and therefore evolutionary pressures
beyond what life on our planet has known. While we have passed several significant milestones, we
are still far from the goal of a sustainable agricultural system beyond our planet Regolith-based
agriculture (RBA) should be a component of sustainable agriculture solutions beyond Earth, one
which can also provide insight into plant growth in poor soils across our own world. However, RBA
studies are in their infancy and, like any other new field, need an established set of parameters to be
followed by the RBA community so the generated data can be standardized and validated. Here, we
provide an extensive multi-disciplinary review of the state of RBA, outline important knowledge
gaps, and propose a set of standardized methods and benchmarks for regolith simulant
development and selection as well as plant, microbe, and plant-microbe interaction studies
conducted in lunar and Martian regolith. Our goal is to spur dialog within the RBA community on
proper regolith simulant selection, experimental design, and reporting. Ourmethods are divided into
complexity tiers, providing a clear path for even the simplest experiments to contribute to the bulk of
the knowledge that will shape the future of RBA science and see it mature as an integrated part of
sustainable off-world agriculture.

Crewed space missions depend upon the control and integration of a
tremendous number of systems and features simultaneously, with the
ultimate goal of establishing a sustainable artificial ecosystem despite
being surrounded by an environment ill-suited for human life. Among
the numerousmission-critical components which need to be considered

in the development of this artificial ecosystem, consistent access to a
safe, sustainable, and sufficiently nutritious food supply is one of the
highest priorities1. Absolute dependence on resupply missions from
Earth is expensive, risky, and would continue to deplete resources from
our own planet, all factors which would ultimately jeopardize any
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established colony. With estimates that continuous off-world settle-
ments will be a reality within 50 years, temporary habitats will be
established far sooner, and a reliable supply of nutrition will be crucial to
support these missions.

The development of bioregenerative food systems (BFS) have been
proposed as the most cost-effective approach for reducing the frequency of
resupply missions and are crucial to enabling sustainable planetary
colonization2–8. Current food production systems can supplement present
day missions within low Earth orbit (LEO) but are neither sustainable nor
up to the task of supporting the future demands of deep space exploration3,6.
ExistingBFS suchasVeggie growth chamber and theAPH(AdvancedPlant
Habitat) employ hydroponic strategies that have proven effective in the
microgravity environment of the International Space Station (ISS)9. How-
ever, different solutions will be required to support long-term surface set-
tlements off-world.

Unlike the ISS, lunar and planetary settlement efforts can utilize
additional in situ (i.e., on-site) resources (ISR) available including
water, atmospheric components (e.g., O2 and/or CO2), and most
notably, the regolith that comprises their surfaces. In situ resource
utilization (ISRU) of regolith as a substrate for plant growth has been
widely regarded as potentially valuable for food production as regolith is
a physical substrate and a potential source of plant nutrients (Iron,
Potassium, Magnesium, etc.). This substrate does not need to be ship-
ped fromEarth reducing total costs and labor.Moreover, regolith-based
agriculture (RBA) leverages centuries of agricultural knowledge and the
evolutionarily adapted relationship between plants, microorganisms,
and soil to support plant growth and food production. RBA can
incorporate sustainable agricultural approaches that we use on Earth to
minimize fertilizer consumption, avoid the spread of pathogens, pro-
mote nutrient cycling, and support interactions with beneficial
microorganisms10. Furthermore, RBA can operate in parallel with other
agricultural approaches (e.g., hydroponics, soilless substrates, etc.),
enabling us to design a more diverse, secure, and sustainable approach
for off-world food production, instead of a one-size-fits-all system.

However, despite the potential of RBA to serve as a major component
in lunar and planetary-based food systems, efforts to develop and evaluate
the viability of this approach have faced a number of challenges. Chief
among these is the fact that little or no supply of actual lunar or Martian
regolith is available for this research, forcing a reliance upon terrestrially or
anthropogenically sourced proxies (termed regolith simulant’). This alone
has created considerable variability in conclusions made about the viability
of RBA. Additionally, studies vary widely in approach, growing conditions,
plant selection, metrics for success, etc. This is not unexpected as emerging
research areas, like all new frontiers, are fueled by innovation andmarkedby
rapid, often unrestrained growth. Therefore, as the number of researchers
and projects associated with any field continues to grow, it becomes
necessary to establish specific conventions and best practices.

We stand at this point in the regolith community, where a criticalmass
of researchers has developed, and our capacity to successfully evaluate the
true in situ resource potential of the lunar andMartian surface depends on
establishing common protocols and terminology to effectively commu-
nicate and more objectively evaluate our work collectively. Herein we
provide an extensive review ofMartian and lunar regolith simulants applied
to agricultural research in support of future off-world colonies. Drawing
from this substantial, yet disparate, body of workwe propose a ranked set of
“best practices” for RBA research.

Our goals are to: (i) to informresearchers atmultiple institutional levels
and from various fields of expertise, (ii) to improve efforts to compare and
communicate results ofRBAresearch including increasedcollaboration and
consultation, (iii) identify critical knowledge gaps in RBA research, (iv) and
ultimately provide a more accurate assessment of the viability and tech-
nology readiness level (TRL) of RBA as a component of food-systems and
bioregenerative-life support for off-world colonization. The writing of this
document has been a collaborative exercise, one which has inspired new
projects between the authors. In this spirit, we hope the readers will be

similarly inspired to seek out collaborative approaches to best leverage
expertise andproduce the deliverables necessary to support sustainable food
production on lunar or Martian colonies.

Properties and challenges of regolith as a growth
substrate
The Moon and Mars have always been a subject of human fascination
providing a wealth of data obtained through remote sensing and robot
missions11,12 and returned or soon to be returned samples for terrestrial-
based analysis13,14. The regoliths of both surfaces could potentially provide
multiple agriculturally relevant resources. For example, Mars provides
access to carbonate and acidic sulfate materials potentially useful in the
regulation of pH of nutrient fluids applied to agricultural systems. The
Moon similarly provides potentially useful substrates and additionally
serves as a testing ground for the first suite of off-world agricultural systems
used to develop similar systems for Mars.

However, lunar andMartian regolith are also very different: The lunar
regolith is created through space weathering (impact processes, radiation,
no atmosphere) over billions of years in a reducing, vacuum
environment15,16. whileMartian regolith results from various impact, eolian,
aqueous and other processes acting over billions of years on a globally
basaltic crust12,17. This has produced two very different regolith substrates
that present unique challenges for agriculture.

Analysis of the overall chemical makeup represented as elemental
oxides alone is insufficient to fully describe or predict regolith viability (i.e.,
fertility). In evaluating the viability of soil, soilless media, or regolith as a
growing medium, a variety of characteristics are considered including
nutrient content and mobility, pH, salinity, contaminants/toxins, organic
content, texture, density, porosity, strength (shear and compressive), etc.
Thus, to understand the potential of Martian or lunar regolith as a growth
medium (and appropriately mimic it) a variety of characteristics that more
fully describe (ormimic) this should be applied. Here we provide an overall
summary of lunar and Martian regolith-fertility as currently understood.
This includes a summary of the overall chemistry, mineralogy, and physical
characteristics (texture, soil strength, etc.), a comparisonof overall elemental
abundance to plant requirements (Table 1), and how well constrained/
understood these aspects are currently and what relevance these hold to the
application of regolith as a growing medium.

Defining regolith
To address the challenges facing RBA for successful implementation, it is
essential to accurately simulate relevant characteristics of the target regolith.
Indeed, even the term “regolith“ can introduce confusion into the discussion
depending on the definition applied and the common practice of inter-
changeably using terms such as “regolith“ and “soil”, or even referring to
non-regolith materials (e.g., bed-rock deposits) as regolith. Regolith is
defined as the “unconsolidated material covering bedrock and can include
dust, broken up rocks, soil and other related materials”18–20. Thus, regolith
incorporates a variety of unconsolidatedmaterials on the surface separating
it from consolidated units that would be termed bedrock. However,
weathering produces a gradation from un-weathered bedrock to fully
developed soils and it canbedifficult to pinpoint the exact point atwhich the
material is unconsolidated enough to be considered regolith and no longer
bedrock.

As regolith encompasses a broad range of materials, it is useful to
distinguish different fractions of the regolith using terms such as soil and
dust, dependingon theparticular context. For example,whenexamining the
pedological history of the regolith, distinguishing among dust, soil, etc. is
practical as different processes (i.e., eolian-wind and fluvial-river) affect
these portions differently. Such variations provide important distinctions in
interpreting the resulting history recorded in the materials. Similarly, from
an engineering perspective “soil” and “dust” represent behaviorally and
physically separable portions of the regolith21,22. For these and other
examples, it is useful and appropriate to refer to a particular portion of the
regolith as soil.
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However, this “soil-like” portion of lunar and Martian regolith is dis-
tinctly “unsoil-like” from an agricultural perspective, in particular in its lack
of well-developed soil horizons, absence of organic matter, and other
characteristics more typical of common “agricultural soils”, making the
term “soil” less useful in anagricultural context. Soil is a complexmatrix, and
details of its components can be found in Table S1. Due to the distinct
agriculturally relevant differences between agricultural earth soils and extra-
terrestrial “soils”, it is useful to use the term regolithwhen speaking of extra-
terrestrial “soils” as an agricultural material. Thus, this work will use the
term regolith to refer to the unconsolidated “soil-like”materials or in other
words material one could readily scoop off the surface, not necessarily
includingor excludingdust (SI SectionTable S1). The termbedrockor other
appropriate terms are used for non-regolith materials, and the term surface
materials refers to any surface/near surfacematerial: both regolith and non-
regolith.

Lunar regolith characteristics
Lunar regolith composition and chemistry. The lunar surface can be
divided into two main, distinct geologic provinces: the felsic lunar
highlands and the mafic lunar mare23. The lunar highlands are dom-
inantly anorthositic11,24 with up to 98% anorthite content25. The lunar
highlands regolith (e.g., Apollo 16 and Luna 20) is dominantly felsic,
composed of calcium-rich plagioclase with little pyroxene and other
mafic,magnesium- and iron-richmineral content13,15,24. It is assumed that
themixing of basalticmaterials with the felsic highlandsmaterial is due to
impact gardening and ejecta being distributed around the surface of the
Moondue to the low gravity and high energy nature of impacts. The lunar
mare is thought to have formed from basaltic volcanic materials rising
from the lunar mantle after the initial formation of the Moon26. The

mineralogy of the lunarmare regolith (e.g., Apollo 11, 12 andLuna 16, 24)
is nominally basaltic, containing mostly ferromagnesian minerals with
clinopyroxenes, olivine, ilmenite, and lesser amounts of calcium-rich
plagioclase relative to the highlands24,27,28. Though the composition of
regolith in the lunar mare is generally consistent from site to site, the
youngest regions have unusually high concentrations of potassium (K),
rare earth elements (REE), and phosphorus (P); these regions are called
the ProcellarumKREEP Terrane29. Apollo 15 and 17 landings weremade
in areas marginal to highlands and mare and have compositions inter-
mediate to both with rock fragments derived from both provinces13,15.
Phosphorus is found in relatively minor, but consistent, amounts in the
lunar regolith30 and particularly in the KREEP terranes in minerals such
as schreibersite31. Potassium is an incompatible trace element in the lunar
regolith30, and the potassium content of the lunar regolith ismostly found
in the KREEP regolith. The lunar regolith has a negligible nitrogen
content, and the nitrogen that is present was mostly deposited by solar
winds30. Thismakes lunarKREEPmaterials potential sources of nutrients
for plant growth (Table 1).

The lunar surface is significantly altered by space weathering, creating
nanophase iron particles and glassy agglutinates in its regolith due to the
Moon’s lack of atmosphere and vacuum conditions15,32; Most lunar agglu-
tinates are enriched in iron, magnesium, titanium, manganese, chromium,
and scandium and other lithophile elements such as potassium, lanthanum,
and cerium, but are depleted in elements compatible with plagioclase
relative to bulk regolith regardless of formation in mare or highlands
regions33, but the lunar mare is noted to have a higher agglutinate content
than the highlands. The abundance of agglutinates and the ratio of nano-
phase iron concentration to the total iron content of lunar regolith is the
maturity index of the regolith32,34 in the lunar regolith and is a functionof the
duration of surface exposure35,36. The enrichment in ferromagnesian and
lithophile elements is more pronounced in immature regolith and as
regolith maturity increases, an increased proportion of plagioclase is
observed in agglutinitic materials33,34. This maturity affects the regolith’s
composition, especially in finer fractions, where the resemblance to agglu-
tinate glasses increases and presence of nanophase iron increases, high-
lighting the dynamic nature of the lunar surface composition.

The composition described provides a medium rich in calcium, alu-
minum,magnesium, iron, and titanium but with much smaller amounts of
nitrogen, phosphorus, potassium and sodium30,37. The high calcium, alu-
minum, magnesium, iron, and titanium content of the lunar regolith is
potentially useful for plant growth, as these elements play roles in nutrient
supply, growth, growth stimulation, and photosynthesis. However, these
elements are not guaranteed to be bioavailable to plants and may require
additional effort to mobilize these elements for use. The lack of nitrogen,
phosphorus, and potassium also represents a significant challenge as these
are major elements required for plant growth. This means that the lunar
regolith will need to be processed and amended to increase mobility of
certain nutrients and incorporate missing nutrients to enable optimal plant
growth (see Table 1). What exactly these processing needs entail and what
nutrients this will affect them is an area of needed research.

Lunar regolith physical properties and implications for plant growth.
The particle size distribution and specific surface area of a medium for
plant growth influence the permeability and fluid retention properties of
the material38, and thus directly impact plant growth. Particle size ana-
lysis of lunar regolith shows that the mean grain size of returned samples
ranges from 40 µm to 800 µm, with a lunar global average between 60 and
80 µm15,39. The wide range of particle sizes in lunar regolith allows for
smaller particles to nest between larger ones, causing more complete
filling of void space and decreasing permeability. Since the lunar regolith
and appropriate simulants are composed of igneousmineral grains, water
retention is controlled by the bulk porosity and the pore content of
individual grains (measured by specific surface area), which is low
compared to soils and other carbon-rich materials38. These properties of
the lunar regolith imply that there are particle sizes and particle size

Table 1 | Regolith composition vs. plant requirements

Element Plant Essen-
tial Nutrient
(wt%)a,50

Lunar High-
lands Rego-
lith (wt%)b,51

Lunar Mare
Regolith
(wt%)b,51

Martian
Regolith
(wt%)b,171

Primary nutrients

Nitrogen 1.5 <0.02 <0.01 0.01

Phosphorus 0.2 <0.1 <0.3 0.4

Potassium 1.0 <1.1 <0.4 0.3

Secondary nutrients

Calcium 0.5 10.0 8.0 4.5

Magnesium 0.2 5.5 5.5 5.4

Sulfur 0.1 <0.7 <0.1 2.0

Micronutrientsc

Chlorine 0.01 <0.03 <0.02 0.6

Iron 0.01 6 15.0 12.4

Zinc 0.002 <0.003 <0.02 0.02

Manganese 0.005 <0.08 <0.2 0.3

Boron 0.002 - <0.01 -

Copper 0.0006 - - -

Molybdenum 0.00001 - <0.00005 -

Other nutrients

Silicon Non-essen-
tial, used for
stress control

21 21 21.7

aRelative amounts of the essential nutrients required bymost plants based on plant tissuemake-up.
This is an average for most plants, but nutrient requirements can vary greatly among different
species of plants.
bThis represents total elemental make up of regolith, does not indicate mobility or bioavailability in
regolith or availability from bedrock resources and cannot be directly correlated with plant nutrient
requirements, provided for generical comparison purposes.
cMicronutrients are only required in small amounts, many quickly become toxic when required
amounts exceeded.
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distributions that give the required porosity and permeability for plant
growth in lunar regolith that must be carefully balanced in regolith-soil
mixes to allow for the most efficient delivery of water and nutrients.

In order to seek out local resources (e.g., water and other nutrients),
plant roots grow and push their way through the growing medium. The
compressive and shear strength of a plant growing medium determines the
relative ease of penetration; a stronger material is harder for roots to push
through. The shear and compressive strength of a material increases with
increasing relativedensity anddecreasingporosity.Thedensity andporosity
of lunar regolith have been shown to vary from site to site on theMoon and
increase with depth within a single site, implying that mechanical strength
varies in the same manner40. From a low relative density, the lunar regolith
compresses significantly due to the high initial porosity and the crushing of
weak, glassy grains during compression, but a minor change in initial
relative density during compression leads to differing compressive strength
estimates, especially in the relatively less dense upper 30meters of regolith40.
These results have strong implications for acceptable densities and amounts
of compressionof lunar regolithmixes forplant growth in termsofboth root
penetration and permeability for water delivery. Lunar regolith has high
cohesive and frictional strength40,41 making penetration (whether instru-
mentation or plant roots) difficult, and increasing the required amount of
energy a plant must expend to reach nutrients as the root system expands.

Martian regolith characteristics
Martian regolith composition andchemistry. TheMartian regolith has
a generally basaltic mineralogical profile that thus far has been globally
homogenous (though there are locally altered soils that deviate from
this)12,42–47 The mineralogical profile of the regolith includes plagioclase,
pyroxenes and olivine as major phases and magnetite, ilmenite, quartz,
potassium feldspars and various salts as minor phases48–51. Two specific
sites with samples taken by Curiosity from which this data is available
include Rocknest and Gobabeb, both basaltic sands sampled within Gale
Crater49.

In addition to identifiedmineral phases, all ofMars surfacematerials so
far examined using XRD have included what has been termed an amor-
phous fraction consisting of crystallographically disordered materials that
make-up~20 to 50%of the sample52,53. The exact compositionalmake-up of
this amorphous fraction is poorly constrained and variable among different
surfacematerials, but a general chemicalmake-up of a particular sample can
be understood with the application of multiple instruments and
techniques54. It is thought to includematerials like basaltic glass, nanophase
iron oxides (e.g., ferrihydrite and maghemite), proto-phyllosilicates, car-
bonate and sulfate and other highly disordered materials (e.g., allophane or
hesingerite)48,54–59. Such disordered phases are often the most reactive in
Earth soils and can greatly influence overall soil fertility60. Thus, although
poorly constrained, to the greatest extent possible it is important to
appropriately represent these phases in regolith-based agricultural
experiments19,61,62.

The compositional profile from both crystalline and non-crystalline
phases provides an abundance of P, Mg, Ca, Fe, Na, Cl and Si moderate
amounts of K and only trace amounts of N, relative to plant’s needs. Of
course, this does not take into account the bioavailability of these
nutrients but many of the minerals these are found in tend to be more
bioavailable forms so at least some portion is expected to be plant
extractable. Another important caveat is that some micronutrients
(in particular Fe, Na, Cl, or Mg) may be present at phytotoxic levels.
However, it must be noted that the amount of any micronutrient
required to cause phytotoxicity varies depending on the plant species,
substrate pH, and other synergistic or antagonistic nutrients present in
the substrate. Additionally, though the overall chemistry and mineral
profile (outside of the amorphous fraction) is fairly well understood for
present dayMars soil42,61,63, other characteristics are less well-constrained
or can only be inferred from indirect analysis based on available data.
This includes features such as pH, salinity (including the implications of
perchlorates/chlorates), nutrient content and mobility. All the major

macronutrients and most required by plants have been detected in Mars
regolith ormeteorites63,64 and themobility and bioavailability of these can
be inferred to some extent but is generally not well understood.

The Mars Phoenix Lander mission provides the only direct measure-
ments of pH and salinity to present-day Mars soil providing one location
and three samples of direct measurement65–67, though pH and other geo-
chemical aspects can be somewhat inferred from other mission such as the
Viking Landers. More recent analysis of soils at Gale crater provide enough
information that we can indirectly infer that the overall characteristics are
likely to carry over, though there is variation in the ratio of salts found68. The
pHofMars soilmeasured byPhoenix Lander averaged~7.7 ± 0.3 indicating
an alkaline soil67,69. It should be noted that this pH is within the acceptable
range formost crop plants (~5 to ~8), and that at this pHmost nutrients are
bioavailable for plant uptake. Data from multiple missions (including
Phoenix and Curiosity) provide an estimate of about 1–3 wt% salts in the
regolith dominated by various Mg, Ca, and Na perchlorate, sulfate and
carbonates65,67,70–72, though some regolith and bedrock salt concentrations
can be much higher73. The ratio does vary (there is a higher proportion of
perchlorates from Phoenix Lander samples than from Gale crater samples)
though Mg and Ca tend to be much more dominant over Na salts67,71,72.

The presence of so much salt in the regolith makes salinity one of the
major concerns for Martian regolith in growing plants (among other
important potential applications). Preliminary regolith experiments that
used high concentrations of perchlorates (2 wt%) resulted in no plant ger-
mination, where other experiments with lower concentrations resulted in
plantswith a significantly lowerdry biomass and smaller leaf area overall10,74.
Visscher et al. demonstrated severely limited growthofArabidopsis thaliana
in response to Mars-like levels of magnesium sulfate73. Thus, the overall
salinity is high enough tobeproblematic for salt sensitive crops, but themost
prominent concern is the perchlorate, as it can also induce molecular oxi-
dative stress75. Perchlorates likely occur at high enough concentrations to
create concerns for toxicity of food sources (however this depends on the
extent that it is taken up into the edible organs, which depends on the crop),
though a more precise understanding of the potential for bioaccumulation
has not been established76,77.

Martian regolith physical properties and implications for
plant growth. Much like the lunar regolith, Martian regolith has been
subjected to a long history of impact processes which influence particle
size frequency and other grain characteristics. Eolian and fluvial processes
additionally sort and alter grain characteristics and the balance of these are
key in the resulting grain characteristics and thus the resulting cohesive
and shear strength of the regolith. For present day regolith eolian and
impact processes are the dominant processes of concern78. Impact pro-
cesses tend to have poorly sorted, angular materials which can increase
cohesion while eolian processes tend to increase sorting and rounding of
grains, decreasing cohesion. Particle size frequencies also differ: eolian
ripples are often bimodal (occasionally multimodal) likely indicating the
involvement ofmultiple processes79. Herkenhoff et al.measured bedforms
in Gusev crater to have one mode dominated by grains between 1 and
2mm and the other dominated by grains below 210 µm79. Outside the
bedforms, a mixture of grain sizes and clasts was observed.

Thus, the cohesive and shear strength of Mars regolith resulting from
grain characteristics can vary depending on which processes dominate. This
is seen in recent challenges of “drilling” into the surface faced by the InSight
mission “mole”probedesigned to function in a cohesionlessmaterial (such as
a basaltic sand) but failed to penetrate to adequate depth due in part to the
higher than expected cohesion80. Like lunar regolith, these physical properties
of the regolith limit the ability of root penetration and development making
plant development difficult in the regolith without appropriate treatment.

In addition to the physical and mechanism contributions contributed
by particle size, density, and angularity to the cohesion and shear strengthof
Martian regolith, the aggregational nature of certain materials in Mars
regolith, namely salts, increase the regolith’s cohesive aspects78. The pre-
cipitation of salts in the regolith help to cement the soils together and the
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occurrenceof cemented chunksor evenduricrusts has beenobservedduring
the course of multiple missions including InSight and Curiosity51,81,82.
Because this cement is at least partially soluble in water, any treatments or
processing with water (including watering plants) can also affect the dis-
tribution or extent of cementation within a sample, perhaps decreasing it
with rinsing. Thus, appropriate processing of Martian regolith must take
these both thephysical and chemical (cementing) aspects into accountwhen
considering effective approaches to addressing the regolith strength for
agricultural applications.

Overviewandcurrent stateof thechallengesof lunar andMartian
regolith as a growing medium
The above discussion presents both benefits and limitations for using
regolith on the Moon and Mars for growing plants. The challenge for
current and future research is to present ways in which limitations may
be ameliorated, benefits maximized, and the overall result compared
with other avenues to determine the most sustainable agricultural
approaches to apply.

Since the Moon is Earth’s nearest cosmologic neighbor, human
infrastructure that is developed on the lunar surface will benefit from the
comparatively easy and quick access to terrestrial resources, even though
established lunar colonies are intended to be mostly self-sustaining. This
means that it ismore feasible to supplement the lunar regolithwith fertilizers
fromEarth or fromwaste and recycling if there are vital nutrient deficiencies
that cannot be addressed using in situ lunar materials. This convenience is
exclusive to the Moon because of the small distance to Earth, so other
planetary settlements (e.g.,Mars)will need to be able to supply the necessary
nutrients with little to no material input from Earth.

In general, those nutrients required to supply fertilizer could be
provided from in situ or waste materials efficiently recycled. Macro-
nutrients such as nitrogen, phosphorus and potassium are of particular
concern as they would be required at volumes that would be difficult to
supply from Earth64. Phosphorus is relatively abundant on Mars and at
least some fraction in plant extractable form83. Potassium is not parti-
cularly high in theMartian soil, but is present in bedrock units and could
potentially be obtained from other surface materials in situ84. However,
Potassium and Phosphorus are limited on the Moon and would likely
need to be supplemented from Earth-based sources, or provided by
plants and people pseudo-in situ85. Nitrogen has been detected on both
the Moon and Mars, but only in trace amounts and no reserves large
enough to support in situ supplies has been detected68,86. Micronutrients
like iron, boron, and chloride are frequently detected on Mars and likely
available in situ, but may also be problematic if present at too high of
concentration of a bioavailable form to become toxic87. The Moon
contains an abundance of metallic nanophase iron that depending on
mobility may have concerns for iron toxicity as well, though studies are
needed to establish the expectant mobility within closed systems pre-
sented by lunar colony habitats. Calcium,magnesium, and sulfur are very
abundant on Mars and expected to be plant extractable through salts.
Salts present a problem in and of themselves66,67,88, but even the issues of
salinity on Mars have potential solutions73.

One potential solution is to genetically modify crop plants to tolerate
higher concentrations of perchlorates, whichhas been somewhat effective in
Arabidopsis73, however this has onlybeendemonstrated inArabidopsis, and
will likely not be developed in larger crops within a reasonable timeframe, if
at all. Another commonly cited solution is rinsing of the regolith as each of
the problematic salts are readily soluble and could potentially be rinsed out
of the soil. However, initial experiments from Oze et al. demonstrate lim-
itations to this approach74. Perchlorate may also play a role as a resource as
various biogenic reactions can degrade perchlorate to chloride producing
oxygen as abyproduct77. However, even though potentially useful, there are
many aspects of such an approach that need to be addressed: e.g., to what
extent biogenic reactions would be effective, how much oxygen could be
expected, and what to do with the chloride that results which is also pro-
blematic at those concentrations for the plants.

Lunar and Martian regolith simulants and agriculture research
In order to identify appropriate methods for processing regolith for agri-
cultural applications, potential methods must be tested. However, samples
of regolith arenot generally available for use in agricultural research. Instead,
regolith simulants are created that attempt to mimic the characteristics of
actual regolith. In order for results to accurately reflect plant response to
regolith-based growingmediums, theymust accuratelymimic agriculturally
relevant characteristics of actual regolith19,22,61,89–91. Multiple regolith simu-
lants have been produced for both the Moon and Mars and a summary of
these is available from a recent review by ref. 22.

The accuracy of a regolith simulant is limited bymany factors including
the availability of data for the target regolith, materials that resemble the
target regolith, and feasibility of mimicking particular characteristics on a
large scale91. For example, lunar regolith contains agglutinates and nano-
phase iron that are likely to have significant effects for agriculture, but very
fewsimulantsmimic these characteristics due to thedifficulty of reproducing
them on even a small scale. Martian regolith contains salts and other com-
ponents relevant to agriculture identified in recent missions such as Curi-
osity. However, the most widely usedMartian regolith simulants (JSCMars
1a andMars Mojave Simulant (MMS-1 andMMS-2)) do not contain these
components as they were developed early in the exploration of Mars before
such characteristics were well understood19,61,89,92. As data and methods
improve, so does the need to create new simulants that more accurately
mimic the target regolith. Indeed, the last few years have seen great efforts in
increasing the accuracy of both lunar andMartian simulants including a few
higher-quality commercially available options19,61,93,94. However, it is not
feasible to mimic every aspect of regolith so even the more accurate simu-
lants are often more accurate in features particular to a specific application.
The review provided above and best practices recommended below do not
intend to sponsor or promote any particular simulant. Rather we emphasize
the need to ensure the accuracy of relevant characteristics for simulants
aspects applied to RBA research to the extent possible and relevant for
addressing the fundamental questions intended in the study.

A brief history of regolith-based agriculture research
Over decades, researchers have theorized about growing crops on theMoon
and Mars.
• As early as 1970, Walkinshaw and his collaborators analyzed plant

physiology and productivity when exposed to lunarmaterials from the
Apollo missions95–97.

• Baur et al. andMilov and Rusakova, built on these preliminary studies,
with the latter adapting a more applied view by suggesting a closed
greenhouse system as a possible solution98,99.

• The closed greenhouse idea would be later explored byWalkinshaw in
1986 while he tried to fully understand the interaction between plants,
regolith, and microorganisms in an enclosed system100.

• Mashinskiy and Nechitaylo’s “The Birth of Space Agriculture”was the
first organized review on the subject101.

• Ming and Henninger published a book that directly addressed this
subject in a compilation of articles that discussed the feasibility of off-
world Agriculture102. In this book, Fairchild and Roberts103 contem-
plated options for human settlement on the Moon and Mars in a
detailed way and divided their narrative into four scenarios entitled
“The 1988 Case Studies”102. The first scenario was a human expedition
to Phobos that did not involve ISRU utilization. The second was a
human expedition to Mars with a crew of eight, where four crew
members would reach the surface to collect data with heavy orbital
support and some IRSU utilization. The third case study was a lunar
observatory outpost that would switch categories and be classified as a
science outpost in the resource allocation category. The outpost would
house a crew of 4 for 20 days while all the resources would be provided
in situ to the crew during this period but still with partial orbital
support. The fourth and last case, the Lunar Outpost to Early Mars
Evolution scenario, would be an ISRU-based, self-sustaining station
housing a crew of eight over a period from 24 to 52 weeks between
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rotations103. The concerns and possible solutions to the technical,
economic, political, and cultural issues that acted as barriers to
permanent settlement beyond LEO in their time remain relevant to
this day.

• However, case studies like those listed above-inspired researchers to
overcome these challenges and ultimately provided the foundational
data to begin the discussion of ISRU for life support systems and led to
the creation of NASA’s Controlled Ecological Life Support System
program. Ripples of this movement were fast to follow, with
publications focused on integrating ISRU with Regenerative Life
Support Systems (RLSS) and the discussion of possible agricultural
scenarios for lunar and Martian outposts37,104–106.

• As knowledge progressed, researchers saw the necessity to develop
more reliable tools to mitigate plant stress and thus improve crop
productivity. One of these first approaches was by ref. 107, who
emulated ecological substrate colonization phases in regolith using
pioneer species (e.g., Tagetes patula L.) associated with root-colonizing
microorganisms. Kozyrovska observed that it took a long time until the
substrate was ecologically stable enough to support full crop cycles,
though this work did eventually grow plants107. These results further
strengthen the idea that some regolith amendmentwasneeded tomake
regolith-based agriculture possible, which steered the scientific
community to explore several approaches to “hack” off-world
agriculture.

In recent years, exploration of the topic has continued with a broad
focus of applications from experiments that explore small-scale early
exploration possibilities, challenges, and conditions74,108 to long-term
exploration that considers potential of much larger-scale agriculture
(e.g., 61). Though, even after showing promising potential64,109,110, regolith
amendment technologies still seem unable to create a sustainable crop
rotation system. These challenges underscore the need for further investi-
gations, especially when it comes to controlling severe pH shifts around the
rooting zone stratification (either acidic or alkaline) that directly affect the
plant’s physiology111, by the presence of elevated or trace levels of per-
chlorate in Martian regolith-based trials10,74,112 or by the need of an active
microbiome that is capable of surviving in a regolith substrate, utilizing the
substrate and other in situ resources, and reverting them in a continuous
way to create a closed nutrient cycle that has both plants andmicrobiome as
the primary energy providers at each end of the spectrum. Most recently,
small portions of lunar regolith collected during the Apollo Program were
used to successfully germinate and growArabidopsis thaliana113. This study
provided crucial confirmation that lunar regolith does indeed have the
potential to function as a substrate for plant growth, albeit with significant
stress to this model plant.

Applications and sources of microorganisms in
regolith-based agriculture
Sterilization of nearly all surfaces, including biological ones like seeds, is a
common strategy in space exploration for a variety of reasons. However, an
axenic approach to sustainable agriculture i.e., one in which the plant(s) is/
are the sole constituent step of a BFS, is not a reasonable, nor desirable
approach in any environment. The origin and success of terrestrial plants
are intimately coupled to the microbial cohorts that populate their sur-
roundings and surfaces, affecting them physiologically, genetically, and
biochemically throughout their life114–117. Indeed, the region of soil within
1 cm of the root surface, known as the rhizosphere, often contains a sig-
nificantly more dense and diverse population of microorganisms than bulk
soil.With estimates as high as≈1011microbial cells/gram of host tissue with
over 10,000 different species present roots are a “hotspot” of bio- and
metabolic diversity117–120. These diversemicroorganisms impact agricultural
yields, plant disease resistance, nutrient utilization, nutrient uptake, ecolo-
gical robustness, and secondarymetabolite production114,121–127. So crucial is
this relationship, that both plants and microbes have evolved a variety of
biochemical pathways to drive the selection and maintenance of these

interactions. This population adapts to and influences their host plants both
spatially and temporally, making them crucial players which must be
incorporated into any model for sustainable agriculture regardless of the
ecosystem they will ultimately inhabit114,122,124,128–130.

Understanding andmanipulating the holobiont, the total collection of
the host plant and its microbial cohorts, is key to optimizing plant growth
especially in challenging substrates like lunar or Martian regolith. While
hormone manipulation, such as the reduction of ethylene production, is a
generally useful feature conveyed by some plant growth-promoting (PGP)
bacteria, activities that directly modify the growth substrate and/or nutrient
availability are likely to beof greater utility in regolith-basedagriculture114,117.
PGP phenotypes that could directly impact nutrient availability or regolith
composition include: (i) phosphate solubilization, (ii) nitrogen fixation, (iii)
iron sequestration and redistribution, and (iv) the formation of soil organic
matter (SOM). Phosphate solubilization is a common PGP phenotype
observed in the rhizosphere performed by both fungi as well as bacteria.
Similarly, bacteria-derived chelators known as siderophores can sequester
and redistribute the rich irondepositswithin regolith, improving availability
of this important micronutrient to host plants. Nitrogen fixation by free-
dwelling or nodulating species of bacteria is of particular interest given the
limited amounts of this important macronutrient observed in regolith to
date, as well as the costs (and risks) associated with shipping solid nitrogen-
based fertilizers to a lunar orMartian colony86. Finally, rhizosphere bacteria
can utilize root derived exudates as well as other exogenous sources of
carbon to facilitate the conversion of regolith to SOM.

Though important differences exist between the microgravity envir-
onment of LEO and the hypogravity environments of the Moon andMars,
studies aboard the ISS can inform our understanding of some aspects of
growth in regolith, such as the composition of available bacteria for for-
mation of a robustmicrobiome at plant surfaces131,132. The present approach
of seed surface and growth substrate sterilization means that the plant
microbiome which does form in these isolated environments will be almost
entirely derived from the microbiome of the colonists, or the endophytic
bacteria safely protected within the seed coat133,134. However, even from
within this population of primarily human-derived microorganisms, a
number of potential PGPmicrobeshave been identified135. This underscores
the potential to select and develop beneficial microbiomes from the popu-
lationsmost likely todevelop in these isolatedenvironments andwhichhave
established spaceflight histories. While such studies are ongoing, an alter-
native or complementary approach will be the introduction of specific
microbial cohorts to facilitate RBA, an approachwhich has been explored in
a variety of regolith simulants. Here we review these initial efforts to exploit
microorganisms to improve the ISRU viability of Martian and/or lunar
regolith with a particular interest in their potential to support plant growth.

Establishing a baseline—microbial composition of regolith
simulants
Both environmentally and anthropogenically sourced regolith simulants are
likely to harbor microorganisms which can influence the results of RBA
research. Sterilization of these simulants to remove these initial populations
is problematic due to the limited ability to sterilize bulk quantities for larger
research, as well as the potential for various sterilizationmethods to alter the
composition of the regolith simulant. Yet little characterization of the initial
microbial composition of these simulants has been conducted to date,
despite their potential to impact the results of work conducted therein.
Studies by Allen et al. examined the microbial profile of JSC Mars-1A, an
early and heavily utilized MRS136 and identified a number of bacterial and
fungal species present in untreated simulant137,138. Among the eight species
of Bacillus they identified were B. megaterium and B. licheniformis, both of
which are potential PGP species via improved nutrient solubilization or
gibberellic acid production, respectively. Several species from the order
Actinomycetales were also identified, including at least one species of
Streptomyces. Several fungi from the genera Aspergillus, Penicillium, and
Fusarium were also isolated. Aspergilli and Penicillium species may have
PGP potential via phosphate solubilization as well as the production of
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antimicrobial agents to control microbiome composition139,140. Meanwhile,
the presence of Fusarium species is of significant interest, given they are
well-associated with a variety of crop diseases141. Similar efforts to char-
acterize the initial microbial load and composition of other regolith simu-
lants have yet to be performed, but are important to adequately establish the
starting microbiome for plant-microbial associations in RBA research.
While standard enumeration assays could provide quick insight into the
total number of microorganisms in these samples, species/genus resolution
would help identify the potential for PGP phenotypes already present
among these populations.

Microorganisms viability in and utilization of regolith simulants
Regolith simulantshavebeen extensivelyused in research for astrobiology as
well as planetary protection, as substrates for a variety of microorganisms
exposed to the harsh environments ofMars. For example, several species of
methanogenic Archaea introduced into a variety of regolith simulants can
survive both desiccation and the hypobaric (low-pressure) environment
associated with the surface ofMars142,143. In these species, metabolic activity,
specifically methane production, was restored by rehydration suggesting a
model for how microscopic life on Mars could persist via rounds of desic-
cation and rehydration via intermittent flows of water.

Similar studies were conducted with a variety of bacterial species and
confirmed that strains ofB. subtilis and Enterococcus faecalis suspended in a
variety of regolith simulants were also resistant to extreme desiccation,
perchlorate exposure, reduced atmospheric pressure, and Mars-equivalent
UV exposures144. Regolith analogs have also been used for planetary pro-
tection studies, specifically to observe whether bacteria could be transferred
from the wheels of a rover to the Martian surface145. Taken together, these
studies further establish regolith as a viable substrate and reservoir for
microorganisms, one that couldprotect some species over short durations in
the case of life support system failures, a potential benefit to RBA efforts.

Based on existing data, both lunar andMartian regolith contain many
macro- andmicronutrients of benefit to the health of plants and humans, as
well as potential industrial applications. In our discussion of existing
microorganisms in regolith simulants above we identified several species
with the potential to improve plant growth, basedon their ability to improve
the solubilization of important materials such as phosphate. However, the
use ofmicroorganisms to improve the extraction of other essential elements
from regolith simulants has also been explored. Work by Cousins et al.
explored the potential of JSC-Mars-1A as a biomining substrate for the
extraction of iron by several species of bacteria including Acidithiobacillus
ferrooxidans, Shewanella oneidensis, and Magnetospirillum
gryphiswaldense146,147. Inmost cases, the cost-benefit analysis confirmed that
the nutrient inputs required exceeded the value of the iron extracted in these
studies. However, S. oneidensis did emerge as a promising candidate for the
extraction of iron for a variety of applications in a cost-effectivemanner and
could be utilized in an early pre-treatment step.

Further workwithA. ferrooxidans utilizing both LMS-1 andMGS-1 as
substrates confirmed their ability to improve the solubilizationof Si1+,Mn2+,
Mg2+, and iron (as Fe2+) suggesting this microorganism may also be of
benefit depending on the simulant and growth conditions employed148. In
this latter study, cultures grown in a clinostat showed a significant increase
in mineral solubilization relative to 1G controls. However, given that the
microgravity conditions simulated by clinostats can vary significantly from
the partial gravity environments onMars and theMoon, the importance of
these enhancements is unclear. Ultimately, the ability to mine essential
minerals from regolith could be of considerable benefit to RBA.

Plant growth-promoting microorganisms in regolith
The studies above support the potential of microorganisms to transform
regolith into substrates better suited for plant growth. While such bio-
weathering/bioleaching may occur with greater frequency within the
rhizosphere and could provide inorganic nutrients in support of plant
growth, they are not due directly to interactions with a host. Yet, the
importance and potential benefits of plant-microbial associations are

becoming increasingly clear in the development of next generation
agricultural solutions here on Earth and will almost certainly be part of a
strategy for successful RBA systems off-world. Here we will discuss
preliminary regolith-based research which incorporated the two most
well-established plant-microbial associations: nodulation and mycor-
rhizal fungi into regolith studies.

The legume-rhizobia symbiosis supports plant growth via nitrogen-
fixation in ~20%of all land plant species and represents a crucial interaction
which could minimize potentially damaging environmental inputs of
fertilizers149. As a result, there is considerable interest in whether lunar or
Martian regolith could support this mutualistic symbiosis. Seeds of Meli-
lotus officinalis (sweet clover) have recently been shown to support the
formation of active N-fixing nodules in conjunction with Sinorhizobium
meliloti 1021 in MMS-1150. This study confirmed that nodulation was suf-
ficient to increase total plant biomass accumulation by an order of magni-
tude relative to uninoculated controls. Species like clover are routinely used
to introduce nitrogen and organic matter into soils and could be used to
convert regolith into soil prior to farming attempts. Similarly,Rainwater and
Mukherjee confirmed nodulation aswell as increased growth in seedlings of
Medicago truncatula, amodel system for symbiosis research, in bothMMS-
1 and MMS-2 by three different species of rhizobia151. While both of these
studies have been conducted in regolith simulants of lesser accuracy, they
underscore the potential to capture this important symbiosis for sustainable
agriculture. Notably, successful nodulation under hydroponic conditions is
less established and their benefits on growth are poorly characterized in
contrast to a wealth of information from soil research.

While nodulation represents an important and relatively common
plant-microbial symbiosis it is far from being the most common of these
associations. Indeed, an estimated 75% or more of terrestrial plants are
capable of forming associations withmycorrhizal fungi to improve nutrient
uptake, sensing, and disease resistance152. Such associations are presumed to
be among the earliest plant-microbial symbioses to have evolved in terres-
trial plants and harnessing this activity would be immensely useful for RBA
systems.Preliminary efforts confirmthat the lunar regolith simulant JSC-1A
is capable of supporting the growth of the mycorrhizal fungi in association
with prickly pear seeds (Opuntia ficus-indica)153. Specifically, Trichoderma
viride aswell as one ormore isolates of the genusGlomus, both ofwhich can
improve host plant nutrient uptake and/or limit pathogenic infections by
deleterious fungi. The addition ofmixed cultures of these fungi significantly
improved the germination of seeds of O. ficus-indica underscoring the
potential for suchmicrobial amendments as a tool for improving cultivation
at an additional point (germination) not just in support of vegetative or
reproductive growth.

While specific plant-microbial interactions are beneficial, an approach
that leverages species and functional diversity ismore robust and sustainable
over the life of a single host plant as well as for the substrate (regolith) that
will sustain crop growth over multiple generations. Decomposers are an
excellent example of such microbial systems, functioning similarly to the
biomining species described above, but primarily liberating organicmaterial
from dead tissues. This activity is a crucial aspect of bioregenerative life
support and will become increasingly important as researchers begin to
incorporate crops with significant amounts of inedible biomass into our
models for off-world food production. With this in mind, Gilrain et al.
incorporated decomposers into their food production system by generating
compost to supplement the growth of Beta vulgaris (Swiss chard) in JSC-
Mars-1A154. Duri et al. utilized such decomposers to generate compost as a
supplement for samples of butterhead lettuce (Lactuca sativa) grown in
MMS-1109. Their findings suggested that compost may help to modulate
cation release, limiting the phytotoxicity of elements like Al3+ while lim-
iting runoff loss to others like Ca2+ and Mg2+. Complementary studies
confirmed that the addition of composted material impacted hydrological
parameters of the regolith, further limiting the risk of leaching of potential
phytotoxins111.

Lytvynenko et al. made one of the first attempts to assemble an engi-
neered microbiome for lunar regolith using anorthosite as a lunar regolith
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proxy107,155,156. These studies envisioned the use of this consortium to extract
beneficial nutrients from regolith to support plant growth, in this case
Tagetes patula (French marigolds). Among these were an isolate from the
genusPaenibacillus (sp. IMBG156) which formed biofilms on the surface of
sterilized anorthosite particles. In these biofilms, this strain liberated both
Ca2+ and Si4+aswell as oxidizing Fe (II) to Fe (III), improving plant access to
all three of these ions under conditions that would also support plant
growth. Pioneering strains like these could be used to begin remodeling
regolith in advance of planting facilitating the first round of growth. Other
members of this consortium included known plant growth promoting
microorganismsKlebsiella oxytoca IMBG26,Pseudomonas sp. IMBG163,P.
aureofaciens IMBG164, and Pantoea agglomerans IMV56. This consortium
supportedT. patula growth in anorthosite improving germination, survival,
and growth, most notably allowing plants to flower, which did not occur
without the engineered microbiome in anorthosite.

While preliminary, these various lines of evidence support thepotential
of incorporatingavariety of theplant-microbial associations thatbeganwith
the earliest terrestrial plants. Ultimately, a systems or holobiont approach to
RBA which incorporates select microbial cohorts will integrate more effi-
ciently with any bioregenerative life support system at work in an off-world
colony. This would replace the existing strategy of the indiscriminate
elimination of all microorganisms which has proven remarkably unsuc-
cessful though clearly, further work in this area is required.

“Best practices” for the future of research in regolith-
based agriculture
The body of RBA research available to date consists mostly of preliminary
plant growth experiments addressing fundamentally basic topics of agri-
cultural science applied to theMoonorMars.While this provides important
groundwork and insights into the potential for RBA, many of these studies,
including our own works, still fail to provide a clear picture of the precise
procedures capable of providing successful approaches for regolith-based
agriculture beyond Earth. In order to be successful, off-world we need to be
able to accurately predict crop yield, even under potentially disastrous
situations. Yet there is a significant gap between current research and the
successful realization of an RBA system with such reliability. We can
summarize these gaps into four broad areas for improvement: 1) Regolith
simulant preparation, amelioration, and alteration, 2) evaluating plant
growth and response, 3)microbial identification, community development,
and response, and4) environmental controls of the experiments themselves.

However, providing a tightly controlled environment,making accurate
regolith simulants, testing plant physiology and genetics, and assessing
microbial status all require specialized knowledge and training, can be very
expensive, and the equipment needed is often difficult to access. Depending
on access to funding and expertise, it may not be feasible to do all these
aspects at the same time in every experiment. We highly recommend col-
laboration as a solution to this issue; however, this option is not necessarily
available in every scenario. To help address the gaps both in knowledge and
accessibility, we begin by identifying key knowledge gaps in the form of
specific questions. We follow these questions with tiered recommendations
for experimental designand reportingof results thatwill assist infilling these
gaps. These tiers (Introductory, Intermediate, and Advanced levels) estab-
lish the experimental rigor dedicated to each of the 4 areas and are intended
to be deployed in a “mix and match” fashion, permitting researchers to
address specific RBA knowledge gaps with their research while meeting
certain minimum requirements. The distinctions help guide researchers
through a structured progression in their work, ensuring that basic concepts
are mastered before more complex, nuanced, or technologically advanced
investigations are undertaken.

Introductory
These are foundational research activities designed for new entrants into the
field. They focus on basic principles and simple experiments that are critical
for understanding the fundamentals of regolith-based agriculture. This level
is meant to build a solid base of knowledge and skills.

Intermediate
At this stage, the research delves into more complex interactions within
regolith agriculture, such as chemical properties and plant responses. It
assumes a certain level of foundational knowledge and aims to expand on
that by exploringmore detailed aspects of plant growth and soil interaction.

Advanced
This highest level involves sophisticated research methodologies and
experiments. It’s aimed at those with a strong background in the field,
looking to push the boundaries of current understanding. Advanced
recommendations often involve integrating multiple complex factors or
innovative technologies to address the challenges of growing plants in
regolith.

These tiers are intended to be inclusive, not prohibitive, by providing
clear standards and practices for experimental design and publication, that
will make it easier for new researchers and their projects to join the RBA
community. To better illustrate our intentions and provide some guidance,
following this list of recommendations we have also provided a series of
decision trees as well as an illustrative case study evaluating the four key
areas of RBA questions and their specific tier. Through the act of asking
“what is best?” we hope to help establish the current boundaries of our
understanding, recommend research practices that bring coherence and an
ability to communicate results more effectively in the community, and
illustrate examples of some of the ways these recommendations can be
applied. Together these key questions, recommendations, and illustrative
examples can provide a set of “best practices” intended to help provide
greater coherence and focus for RBA research that can begin to fill the gap
andbring it to aTRLatwhich it becomes a reliable componentof sustainable
off-world agriculture.

Key questions and knowledge gaps
Here is a list of key questions or needs that make up the current knowledge
gap of RBA research. This is not an exhaustive list, but a starting point that
helps to inform the recommendations that follow. The authors havewritten
this list with their expertise informed by literature and have refined into the
questions they deem more pressing. Indeed, some of these questions
represent noticeable knowledge gaps which must be addressed before all of
our best practices can be implemented as well as questions for which the
implementation of the recommended best practices can help provide more
coherent answers. Additionally, microbes, plants, and regolith all interact
within their environment, thus some overlap exists among questions
approached from the perspective of each aspect. This merely underscores
the utility of this effort. Even if it were possible to list all the current key
questions, the very act of addressing these questions will bring forth more
questions all ofwhichwill inform the recommendations that followallowing
them to evolve as the knowledge gap is filled. This exercise represents a
starting point from which more questions must be asked, research
approaches and practices can evolve and knowledge gaps can be filled. Here
are specific questions that emerged from this exercise:

Regolith and regolith simulants. Q1. How accurately do regolith
simulants currently developed represent actual Regolith?

Motivation: A fewdisparate studies that evaluate simulant accuracy are
available, but most only examine a few simulants and use vastly different
approaches for this evaluation. There are also a few reviews that list available
simulants for theMoon andMars coveringmany simulants (e.g., Duri et al.)
but have limited exploration of simulant accuracy to actual regolith109. A
more thorough evaluation of developed simulants that includes both amore
extensive number of simulants and a thorough evaluation of simulant
accuracy would be a valuable resource for understanding current simulant
limitations, recommendations in simulant development, and a list from
which researchers can select simulants most appropriate for the intended
study. Though it is also recognized this represents a significantly challenging
endeavor as published data or simulant samples are not always readily
accessible.
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Q2. What data is needed about actual lunar and Martian regolith to
better evaluate regolith fertility and how these be measured by current and
future robotic missions?

Motivation: Thoughwe do understandmuch about lunar andMartian
regolith mineralogy and chemistry, certain aspects relevant to agriculture
are not well constrained. In particular the amount and bioavailability of
plant relevant nutrients and phytotoxins, direct measurements of soil pH
and salinity, the composition and geochemistry of poorly understood
components of lunar and Mars regolith (for example the amorphous por-
tion of Mars regolith and other surface materials), presence of minable
in situ resources of fertilizer components not available in the regolith
directly. Many of these aspects are difficult to apply to robotic exploration
and thus have limited or no data available, but advances in engineering and
technology have increased and will continue to increase the ability to
measure such characteristics.

Q3. What non-regolith materials may also have agricultural applica-
tions and what data is needed to understand potential contribution to via-
bility and fertility

Motivation: This is a continuation of question 2, but applied to other
surface materials that could be processed or applied as well. For example,
acidic-sulfates on Mars could help regulate the pH of soils or hydroponic
fluid, however to adequately understand the viability of such techniques we
need data from actual surface materials to better characterize them and
simulants that accurately mimic their characteristics in order to test them.

Q4.What agriculturally relevant characteristics are lacking in available
regolith simulants and are there viable techniques that can accurately repli-
cate them at appropriate scales?

Motivation: If the comparisons suggested in question 1 can be more
thoroughly established, that leads to consideration for simulants applied to
RBA studies and what characteristics are not mimicked that may have
important agricultural implications. To what degree is it possible to adapt
current simulants or develop new simulants that do mimic these char-
acteristics. It is also important to realize that the degree to which this
question can be answered is limited by our current understanding of actual
regolith and as that knowledge increases it is useful to reevaluate current
simulants.

Q5. Which nutrient extraction methods are best correlated and cali-
brated for regolith materials, or are any of them?

Motivation: Nutrient extraction is used to evaluate not just the amount
of nutrient in soil, but the amount of plant extractable nutrient157. These tests
are not based on direct measures but rather known correlations among
certain extracting materials and plant uptake that have been calibrated to
fertilization recommendations. However, this correlation is not very con-
sistent among different soil types as the extractants can behave very dif-
ferently in differing soil conditions, thus different locations often select tests
most applicable to major soils in their region. However, such correlations
and calibrations have not been established for regolith simulants thus any
nutrient or fertility evaluations may or may not provide viable results. A
study that examines different extractionmethods ondifferent simulants and
if they correlatewithplantuptake ornot is needed for such fertility tests to be
accurately evaluated and for resulting recommendations for increasing
fertility to be viable.

Q6. What effects do sterilization, and other pre-processing techniques,
have onRegolith Simulant composition?How effective are these techniques at
sterilizing regolith simulant materials?

Motivation: There are many situations in which it may be useful to
sterilize regolith simulants (or at least attempt to) in order to provide a sterile
medium for which to begin a study. However,many of these techniques can
drastically alter mineral materials. The potential for alteration will differ
among mineral type and sterilization method, but we are not aware of any
studies that directly evaluate these alterations and the implications on
simulant compositionand its relevance to actual regolith. It is alsodifficult to
truly sterilize soil-materials and it would be useful to examine the effec-
tiveness of amethodcompared to thedegree of alteration it induces.Though
sterilization would be among the most commonly applied processing

techniques expected, the same concerns hold true for anyprocessing applied
to a simulant to prepare it for a particular study.

Q7. How well do the many ameliorative techniques proposed improve
the regolith fertility and how variable is this success among different rego-
lith types?

Motivation: There are many approaches that have been proposed for
developing viable materials from regolith. For example, rinsing Martian
regolith to remove salts including perchlorates. However, testing such
techniques on aMartian regolith simulant that does not contain salts would
provide completely useless results. But even simulants that accurately
representMars regolith salinitywouldneed approachesand evaluations that
are comparable among studies or studies that examine multiple simulants.
This overall concept holds true for any ameliorative technique attempted:
i.e., first and foremost such studies must use a simulant that accurately
mimics the relevant characteristics seeking to be ameliorated, and even
when that is the case comparison to other studies or among multiple
simulants allows provides a more broadly applicable ameliorative solution.

Q8. How does exposure to the experimental conditions alter regolith
simulants, how are the alterations evaluated and what implications does this
have for actual regolith and how is that evaluated?

Motivation: Similar to the alterations that can be induced from pro-
cessing techniques referred to in question 6, the alterations that occur as a
result of the experiment are also important, though they depend on the
intent of the study. However, as weathering or alteration of mineral mate-
rials can be slow these changesmay be subtle (though not insignificant) and
commonly applied techniques (like XRF or XRD) may not be able to
measure somechanges that are important forplant response.However,XRF
and XRD are highly useful in that (partly because they are so common) can
provide results more comparable among different studies while techniques
more sensitive to small alterations may be more limited in their compar-
ability. Simulants (and indeed most growing mediums) can be highly het-
erogeneous and thus insufficient replication or sample size can limit the
ability to detect patterns. Thus a combination of techniques and adequate
sample size are important to consider in determining how to measure
changes in simulant characteristics.

Plant response to regolith-based substrates. Q9. In what ways are
plant tissues chemically affected as a result of being grown in regolith or
regolith simulant, and how might this affect edible and non-edible yield
and quality. Which tissues are most and least affected by plant growth in
regolith or regolith simulant?

Motivation: Photosynthesis is inhibited158 and plant morphology and
physiology are affected159 by heavy metals, so both ultimate yield and plant
quality varies depending on the elements (and elemental forms) taken up by
plants. However, plant translocation of elements is complex, and depends
on plant species, environmental content of elements, oxidation/reduction
potential, pH, and other factors. Therefore we must explore these effects in
regolith to understand how regolith may affect plant and human health in
the long term.

Q10. When grown in regolith or regolith simulant based growing
mediums, in what ways would plants alter the medium? How might root
exudates alter regolith properties over the short-term and long-term? How
might regolith simulants alter plants’ relationships with root-colonizing
(especially root nodulating) microorganisms, and what key factors could
cause these effects?

Motivation: We have established that soil quality has direct effects on
plant physiology, growth, and quality, however plants also have reciprocal
effects on the rhizosphere. Plant roots produce exudates that contain
metabolites and a wide variety of compounds, which alter chemical and
physical properties of soil, help maintain and support microbes, and have
critical impacts on long-termplant health160,161. Therefore, to understand the
long-term effects of using regolith for agriculture, we must elucidate how
regolith may change over time as a result of agricultural use.

Q11. What avenues are most appropriate to increase organic carbon
content in regolith or regolith simulant based growingmediums?What stable
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organic amendments are most effective at both supplying organic carbon for
plants and improving the texture of the substrate for supporting plants? Are
the avenues actually helpful at improving the viability of the mediums?

Motivation: Soil carbon is required for plant and microbial growth,
however its availability in the soil is affected by soil amendments, root
exudates, microbial activity, and other factors162. Therefore we must find
methods to supply enough carbon to regolith tomeet theneeds of plants and
the rhizosphere microbiome, and understand how organic amendments
affect RBA.

Q12. Do current soil nutrient extraction tests applied to regolith or
regolith simulants correlate sufficiently with plant uptake to determine reli-
able fertilization recommendations?

Motivation: fertilizer recommendations are made using soil/nutrient
testing; however these tests may not provide accurate or adequate fertilizer
recommendations when used on regolith. Therefore, we must examine
whether these tests are accurate and work to optimize them for regolith
applications, such as by using regolith simulants with known chemical
properties to calculate the ideal dose of each nutrient.

Q13. As we consider RBA compared to hydroponic methods, what crop
speciesmaybeparticularlywell-suited forRBA?Do these crops fulfill theneeds
of astronauts, or is further crop selection necessary? Are these crops that meet
current crop selection criteria feasible to use in RBA, when other considera-
tions (such as the need for food processing) are considered?

Motivation: Multiple studies have established a consensus of logical
plant choices that fill nutrient requirements for future off-world agricultural
efforts131. However, these are based on the assumption of fully hydroponic
systems, anduse of regolithmay alterwhat considerations aremost relevant.
Therefore we must reconsider crop selection needs and reevaluate whether
these crop lists are usable with RBA.

Microbial community identification and response to regolith-based
substrates. Q14. What is the endogenous microbial composition of the
common regolith simulants?

Motivation: A basic understanding of the existing microbiome of
regolith simulants would help distinguish between substrate effects and
microbial ones. As sterilization of large amounts of regolith simulants for
scale-up studies is not possible, identifying these microbes becomes an
important step moving forward.

Q15.Does this endogenous population significantly alter these simulants
post-acquisition?

Motivation: Over time, the endogenous microbiome of the simulants
may alter regolith composition. In other words, regolith simulants, stored
under Earth conditions, will age differently than regolith on Mars or the
Moon. Although such changes are likely to be slow it should still be part of
our consideration as regolith becomes soil, in part, through the actions of
microorganisms.

Q16. Do these simulants contain plant growth promoting
microorganisms?

Motivation: The potential that plant growth promoting bacteria are
already in regolith simulantsmay be impacting plant growth studies already
and a baseline needs to be established.

Q17. How well can plant-associated microorganisms be cultivated in
regolith?

Motivation:At present, there is no informationonhow the rhizosphere
and phyllosphere of plants grown in regolith simulants may vary from
controls grown inmore traditional soil substrates, or how this affects plant-
associated microorganisms. Low nitrogen levels in both Martian and lunar
simulants, for example, may select for nitrogen-fixing microbes from the
surroundings, even if they are not already present in the simulant. Under-
standing how these microbiomes vary as a function of substrate is crucial to
implementing a cultivation program that utilizes microorganisms.

Q18. Does regolith alter the phenotypic behavior of plant-associated
microorganisms?

Motivation: Closely related to Question 4, not only may there be dif-
ferences in microbiome composition, but the phenotypes of specific

microorganismsmay vary based on regolith compositions. For example, the
low nitrogen, high iron concentrations found in Martian regolith and its
simulants may alter the behavior of non-nodulating nitrogen-fixing
bacteria.

Q19. What challenges does regolith pose to the extraction and identifi-
cation of organic compounds for evaluating the chemical composition of the
rhizosphere?

Motivation: Regoliths (and simulants) are composed of materials
which tend to complicate the extraction of organic compounds. This can
complicate analysis of the rhizosphere chemicals both fromplants as well as
bacteria. Refined protocols are needed for this process for the different
stimulants.

Q20. What challenges does regolith pose to the extraction and identifi-
cation of bacteria or environmental DNA for evaluating the chemical com-
position of the rhizosphere?

Motivation: The challenges associated with the extraction of organics
from the simulants will be similar for the extraction of DNA and possibly
intact bacteria. This would represent an extra challenge for metagenomics
and other microbial characterization approaches. Refined protocols are
required for this process for the different simulants.

Q21. How does the microbiome of adjacent surfaces influence the
endogenous microbiome of regolith (and simulants)?

Motivation: Off world-agriculture, regardless of its site, will occur in
highly enclosed spaces for the foreseeable future. Such environments are
prone to significant mixing of microbial populations between the inhabi-
tants (human, plant, etc.) aswell as the surfaces they encounter.Migrationof
microorganisms to regolith (and simulants) from biotic and abiotic sources
in the environment could be an important source of bothmutualistic as well
as pathogenic cohorts. Indeed, prior studies have already identified migra-
tion from the humanmicrobiome into the rhizo- and phyllosphere of plants
aboard the ISS.

The growth environment. Q22. What is an acceptable balance of
atmospheric conditions (composition, atmospheric pressure, humidity,
etc.) for off-world closed food systems in a hypogravity environment such as
the Moon or Mars? What considerations are needed for the interactions
among plants, microbes, regolith, crew members, and the outside
environment?

Motivation: The conditions conducive for agriculture in off-world
systems must be investigated in order for researchers to, 1) create accurate
cost projections, 2) to methods for maximizing yield, and 3) to enable
engineers to design the systems thatwill support these crops. Researchers on
Earthmust also consider the air environment, especially the carbon dioxide
concentration and volatile organic compounds, when undertaking analog
experiments that include plants.

Q23. Similar to the aforementioned atmospheric conditions, which
irrigation strategies are most effective for maintaining optimal hydration for
growing plants in regolith simulant? What trade-offs exist for each irrigation
strategy, and how can the effects of these trade-offs be minimized?

Motivation: Irrigation can have drastic effects on plant growth and
development, and optimizing irrigation strategies for RBA will be vital.
Water will be a limiting resource in space environments, making water
conservation a high priority. Furthermore, the leaching proprieties of water
should also be considered.Heavy or low-flow systems, systems thatwill only
affect the rooting zone or the bulk area of the substrate, and strategies that
are either bottom-up or surface sprays will have different impacts on
nutrient leaching rates. Each approach will have different effects on the
overall nutrient accessibility to the plants and will alter the substrate’s pH,
thus influencing microbiome recruitment.

Q24. What sustainable management practices (e.g., no-till vs conven-
tional till, or other cultural practices) applied to terrestrial agriculture may
also be applicable to RBA? What are the direct and indirect effects of these
management practices when applied to RBA?

Motivation: Thus far, no study has evaluated the potential benefits of
conventional agriculture practices in RBA systems. Tilling is an excellent
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example as it may be a necessary strategy for lunar andMartian agriculture
due to the lowgranulometryof eachsubstrate.Onedownsideof tilling is that
nitrogen-fixing bacteria are exposed by revolving the lower tiers of the
substrate, and this exposure could causemicroorganismdeath,whichwould
threaten the balance of the nitrogen cycling system. As tilling may be an
early strategy for planting seeds in an RBA scenario before a microbiome is
introduced, further studies are necessary to use conventional agriculture
techniques and evaluate their transferability benefits to RBA systems. Other
management practices must be explored to identify areas for improvement
in RBA. Furthermore, research should prioritize practices that are realistic
and feasible for use in real off-world settings.

Q25. What technology advancements would need to be developed or
adapted in order to create these systems and howmight multiple technologies
be integrated while minimizing the risk of system failure?

Motivation: Much research has been done into hydroponics and other
methods for growing crops in controlled environments, however this
research has not thoroughly explored the possibility of using multiple
methods (hydroponics, RBA) alongside each other, or in tandem for the
same crop. Therefore further researchmust look at controlled environment
technologies and other growing techniques, see what can (and cannot) be
used with RBA, and consider the most efficient approach.

List of recommendations
Designing, selecting and monitoring changes to regolith simulants.
Access (including presumed future access) to Martian and lunar
regolith is extremely limited and necessitates the use of simulant
regolith materials used as proxies for regolith research. But for a
simulant regolith to provide useful results, it must sufficiently mimic
relevant characteristics of the actual regolith material. It is not possible
to mimic every characteristic of a material, but characteristics impor-
tant to the application can be the primary focus and the extent to which

the simulantmaterials used actually reflects particular characteristics of
actual regolith is used to organize the introductory, intermediate, and
advance tiers of recommendations. Consideration for availability and
accuracy of existing simulants is considered. Also important to con-
sider is any treatments (e.g., sterilization) the regolith will be exposed to
within the experimental design, how such treatments will affect the
regolith, and what limitations that places on conclusions that can be
made for some aspects of the experiment. Finally, using appropriate
and consistent methods (or at least methods that can be readily com-
pared among different studies) for tracking changes that occur to the
regolith over the course of the experiment are each important to con-
sider. Some examples of resources that provide lists of available
simulants include the Planetary Simulant Database hosted by Colorado
School of Mines (https://simulantdb.com/), the Astromaterials
Research and Exploration Science (ARES) lunar simulant project
hosted by NASA (https://ares.jsc.nasa.gov/projects/simulants/), and a
recent review from ref. 22 (Table 2). Additionally, Figs. 1–3 provide
examples for how these recommendations should be considered during
experimental design.

Introductory recommendations for regolith. For experimental designs
in which the composition and characteristics of regolith is secondary to
other aspects (for example needing a sterile medium to examine specific
aspects of plant-microbe interactions) it may be appropriate to select or
design simulant regoliths that only roughly represent a Martian or lunar
composition. For example, a study focusing on the capillary behavior of
water at Mars-like gravity would need to adequately mimic porosity and
permeability but depending on the particular aspects being examined
may not need to exactly mimic mineralogy, thus a greater variety of
materials can be feasibly used. A study that is testing the endogenous
microbial composition of the common regolith simulants the selection of

Table 2 | Designing, selecting and monitoring changes to regolith simulants for the Moon or Mars

Introductorya Intermediateb Advancedc

Commercial
Obtained Simulant

Multiple commercial options available, provide
source information and describe thought pro-
cess for why simulant selected

Some commercial options available, demon-
strate that simulant provides adequate repre-
sentation of characteristics (from literature or
analysis).

Limited commercial options, may be able to
adapt commercial options depending on
application. demonstrate that simulant provides
adequate representation of characteristics
(from literature or analysis)

Constructed
Simulant

Roughly mimicking characteristics generally
adequate, provide details of the design process
and components

Design simulant needs to accurately represent
bulk characteristics important to the study,
provide details of the design process and
components and demonstrate accuracy by
comparison to actual regolith data

Design simulant needs to accurately represent
bulk characteristics and specific target char-
acteristics important to the study, provide
details of the design process and components
and demonstrate accuracy by comparison to
actual regolith data

Simulant Analysis Justification from information available in the
literature or from analysis that relevant char-
acteristics are at least generally met

Justification from information available in the
literature or from analysis that relevant bulk
characteristics are accurately mimicked

Justification from analysis and comparison of
available data that both relevant bulk and spe-
cific characteristics are accurately mimicked.
For characteristics that have limited data from
the actual regolith source, provide general jus-
tication based on literature that the character-
istics are present in a relevant range

Pre-Processing
Technique

Detail any processing simulant was exposed to
and take into account potential effects when
drawing conclusions

Detail any processing simulant was exposed to.
Test effects on relevant bulk characteristics
before and after processing, avoid or strongly
justify the use of processing that significantly
alters these bulk characteristics and take these
accounts into effect when drawing conclusions

Detail any processing simulant was exposed to.
Test effects on relevant bulk and specific char-
acteristics before and after processing, do not
apply processing that significantly alters char-
acteristics or adapt protocols to avoid the
alteration and take these accounts into effect
when drawing conclusions

Measuring Experi-
mental Effects

Use appropriate techniques to track effect
relevant for the study, more advanced techni-
que likely not necessary. If more advanced
techniques needed, reevaluate the level being
applied

May require access to advanced (but generally
available) type of analysis in order to actual
measure the effects on bulk characteristics
(XRD, XRF, etc)

May require access to more advanced and less
accessible types of analysis in order to actual
measure the effects on specific characteristics
(SEM, X-Ray synchotron, etc) in addition to bulk
characteristics (XRD, XRF)

aAppropriate for applications where characteristics only need to be roughly matched.
bAppropriate for applications that need accurate bulk characteristics.
cAppropriate for applications that focus on specific targeted characteristics.
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simulants is not based on the accuracy of the simulant as much as the
commonality of its use in the literature.

For the Moon, a highland-like regolith can be roughly represented
from crushed anorthositic materials (similar to that applied by Lytvynenko
et al.156) while the lunar mare can be reresented with a roughly basaltic
composition.Mars, roughly basalticmaterials crushed to representMartian
soil are adequate in work where highly constraining the composition is not
required. There are commercially available materials that can serve this
purpose aswell (see resources above) andmaybea viable solutionwhere raw
materials cannot be obtained or processed. Two existingMartian simulants
that fulfill this requirement include the JSC-1a Mars and the Martian
Mojave Simulant (MMS) as thesemay bemore available ormore affordable.
For example, two variations of theMMS (MMS-1 andMMS-2) are available
from The Martian Garden (https://www.themartiangarden.com/) and can
be a useful resource. However, it is important to have awareness of the
limitations of these compared to Mars for example the high alteration that
JSC-1a source rock has been exposed to and the lack of important com-
ponents such as sulfateminerals and other salts inMMS (and its variations).
Once selected or designed, it is important to provide detailed description of
the design protocol and of any processing (e.g., sterilization) used to prepare
the simulant for the experiment and to consider the effects this processing
may have on the conclusions that can be drawn from the results. Depending
on the questions being addressed, details of any visual or more readily
measurable changes to the simulant (i.e., soil pH or EC) is also recom-
mended though what is measured is expected to vary significantly
depending on what is being tested and what methods are accessible with
available equipment and funding.

Intermediate recommendations for regolith. The middle-level
recommendations focus on bulk composition and general physical
properties. For research questions where mimicking the bulk composi-
tion of the regolith requires greater accuracy, the selection or design of a
regolith is an important consideration. For example, a study directly

comparing hydroponic vs. regolith-based approaches for different crops
would need to accurately reflect the bulk composition and general phy-
sical properties of actual regolith.

The specific characteristics that are recommended for a Mid-level
approach include bulk chemistry andmineralogy, particle size distribution,
and cohesive and compressive strength. These are characteristics for which
there is an abundance of data for both the Moon and Mars and methods
available to feasibly reproduce at scales relevant to agricultural studies. This
can be achieved by designing a simulant from a mixture of appropriate
components determined by examining available data19,129. However,
obtaining appropriate materials can have high time and accessibility con-
straints which make this more difficult, however there are commercially
available simulants that adequately represent bulk composition that can also
be used61. Whether designed or purchased, the simulant needs to be ana-
lyzed to evaluate its accuracy and demonstrate that the accuracy is adequate
for the particular research questions being addressed. The methods used to
analyze the simulant accuracy need to be directly comparable to data
available from actual regolith for example elemental oxide composition
obtained by XRF or bulk mineralogy from XRD and comparable PSD
(ASTM D6913, ASTM E2651, or commercial particle size analyzers) and
penetration (ASTM D3441) tests to understand physical properties. Addi-
tionally, a standardized method of comparing these results in a way that
scores or compares the simulants is recommended, though there is not a
currently consistent standard. One approach that could become the stan-
dard (and has been applied to a variety of simulants) is the calculator of a
figure of merit (FOM) (e.g., Schrader et al.163; Metzger et al.164)19,62,129.

Other mid-level aspects involve methodologies used to examine
changes to regolith simulants due to pre-processing or as a result of the
experiment itself. Again, the methods recommended here are those that
focus on changes to bulk composition and characteristics. For example, a
study examining the effects of various sterilization techniques on bulk
regolith properties would need to apply appropriatemethods for examining
bulk changes. Though this would not capture more subtle changes that are

Fig. 1 | Regolith experiment design decision tree.This is a decision tree describing
questions and recommendations for designing RBA experiments, with an
emphasis on regolith chemical and physical properties. The green boxes (left side)
include questions researchers might consider when designing their experiments
and choosing their methods. Arrows indicate which recommendations are
appropriate, depending on researchers' answers to the questions in the green

boxes. The blue boxes (middle of figure) indicate the recommendations that
would be suitable for their research. The purple boxes (right side) indicate
additional considerations and analyses thatmight improve the quality of research.
The large downward-pointing arrow illustrates how the funding and time
requirements of the recommendations listed significantly increase from the top to
the bottom of the figure.
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discussed in the High-Level recommendations, those changes that can be
examined in such bulk methods do provide useful information to address
such questions. Similar to the Introduction-Level any pre-processing
treatments of the regolith need to be described in detail, additionally the
regolith should be analyzed before and after this treatment using methods
appropriate for evaluating bulk composition andgeneral physical properties
(e.g., XRF, XRD, etc.) with similar recommendations for measuring bulk
changes that occur from the experimental conditions.

Advanced recommendations for regolith. High-level recommenda-
tions focus on targeted compositions or characteristics. The reproduction
and analysis of these characteristics requires greater access to materials,
funding, time and expensive instrumentation limiting the accessibility of
these methods. However, this level of accuracy is needed to address
certain questions. For example, studies that seek to understand the effects
of Mars-like salinity and the effectiveness of various ameliorative tech-
niques require mediums that accurately mimic a Mars-like salt profile.
However, this requires either designing or significant alteration of cur-
rently available simulants which is both time-consuming and expensive.
It also represents a characteristic about which there is somewhat limited
data making it difficult to truly determine the accuracy of a simulant
compared to actual regolith.

For studies that examine a more targeted characteristic of a regolith
(rather than bulk chemistry), it is recommended that an appropriate
simulant be specifically designed.Depending on the characteristic, itmay be

possible to adapt commercially available simulants (either by the seller or the
purchaser), but though this may be more feasible than developing a new
simulant it can still be expensive. In either case, both the targeted char-
acteristic and bulk characteristics need to be appropriately representative, so
the mid-level recommendations are still under consideration in addition to
these high-level recommendations.

Depending on the experimental approach, it may also be possible to
isolate a particular characteristic which may alleviate the need to represent
the bulk properties in addition to the targetedproperty. For example, using a
generic potting soil with Mars-like salts introduced which may be more
feasible than designing an entire simulant. Whatever the approach, the
simulant or simulated conditions need to be analyzed for accuracy and
demonstrated to represent that characteristic (i.e., specific analysis that
compare simulation to target) as adequately as is feasible at the
necessary scale.

The remaining high-level recommendations focus onmethods used to
analyze changes to the simulant weather from pre-processing treatments or
the experiment itself. It is still important to track changes to the bulk
composition and so any targeted analysis is recommended to be done in
addition to those that evaluate bulk changes. There is a great diversity of
techniques that are available to examine targeted characteristics such that it
is not possible to determine a certain set of techniques that should be used
every time or space to summarize all techniques available. The technique
most appropriatewill heavily dependon theparticular characteristic and the
goal of the study in mind. Some examples of these more specialized

Fig. 2 | Plant experiment design decision tree. This is a decision tree describing
questions and recommendations for designing RBA experiments, with an emphasis
on plant growth and quality. The green boxes (left side) include questions
researchers might consider when designing their experiments and choosing their
methods. Arrows indicate which recommendations are appropriate, depending on

researchers' answers to the questions in the green boxes. The blue boxes (right side)
indicate the recommendations that would be suitable for their research. The large
downward-pointing arrow illustrates how the funding and time requirements of the
recommendations listed significantly increase from the top to the bottom of
the figure.
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techniques include electron microscopy (EM) and computed tomography
(CT) which allow for 3-D imaging of the changes to the rhizosphere soil
characteristics compared to bulk soil (Gregory and Hinsinger 1999). This
can range from relatively simple and accessible EM techniques such as
Scanning EM (SEM) or Transmission EM (TEM) to muchmore expensive
and difficult to access approaches such as Focused-ion-beam SEM (FIB-
SEM). Structural changes, especially those in highly disordered phases
common to soils, can also be examined through a variety of X-ray syn-
chrotron techniques (which are extremely expensive and specialized). It is
recommended that care be taken to select techniques appropriate to the
research questions being addressed by a thorough examination of the lit-
erature and consultation with other researchers especially when such
expertise is not directly available within the research group attempting the
study and applied to samples before and after preprocessing or experimental
treatments.

Measuring plant response to regolith-based substrates. Plants
grown in regolith or regolith simulant have complex morphological,
physiological, and biochemical responses. In order to evaluate the effects
of regolith simulant on these responses, researchers must carefully
manage the plant growth environment (air, water, nutrients, and other
conditions) tomake accurate causal inferences about RBA.More detailed
recommendations specific to the environment are provided below, but it
is also emphasized here due to the significant effects environment has on
plant response and the importance of plant response as a measure of the
viability of an off-world agriculture system.

In addition to the growth environment, many other factors such as
plant genetics, associated microbiome, variation in simulant characteristics
can influence plant response. Replications, especially over time, can also
help to minimize the influence of these effects when analyzing plant

response variables. In turn, as much as plants are affected by the variables,
they also affect the variables including the regolith and microbiome.
Additionally, techniques used to amend regolith simulants in the attempt to
improve plant response or yield will change the nature of the simulant in
ways that are important to quantify. Potential alterations must be con-
sidered when designing regolith simulant experiments. For example, as
mentioned in the key questions above, researchmust be done to understand
how plant roots and root exudates may cause “weathering” of regolith
samples, to understand how fertilizer amendments impact the chemical and
microbial properties of regolith, and to assess how other management
practices affect the regolith simulant and microbiome (Table 3).

Introductory recommendations for plants. Many plant morphological
and physical responses must be measured to get a holistic perspective on
the effect of regolith, for any regolith simulant experiment. Plant species
and cultivar should be reported, as well as the seed source (including
company, location, and date). At the beginning of the experiment, ger-
mination success rates (expressed as a percentage) should be evaluated,
and researchers should observe whether these seedlings are morpholo-
gically different from expected/normal. As they grow and develop, these
plants should havemeasurements taken to quantify plant growth, such as
plant height or average crown diameter (cm). At the end of the growth
period, researchers should also measure the total mass of the resulting
plants. Researchers should evaluate shoot fresh mass (SFM) and root
freshmass (RFM) (if it is possible to clean the roots of substrate), and after
drying the samples, they should also measure shoot dry mass (SDM) and
root dry mass (RDM).

If plant development includes reproductive stages (flowering, fruiting),
this should be reported in detail. Important data include approximate
growth period (days or weeks) before flower development was observed,

Fig. 3 |Microbe experiment design decision tree.This is a decision tree describing
questions and recommendations for designing RBA experiments, with an
emphasis on microorganism evaluation. The green boxes (left side) include
questions researchers might consider when designing their experiments and
choosing their methods. Arrows indicate which recommendations are appro-
priate, depending on researchers' answers to the questions in the green boxes. The

blue boxes (middle of figure) indicate the recommendations that would be sui-
table for their research. The purple boxes (right side) indicate additional con-
siderations and analyses that might improve the quality of research. The large
downward-pointing arrow illustrates how the funding and time requirements of
the recommendations listed significantly increase from the top to the bottom of
the figure.
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average number of flowers and fruits per plant, size of fruit (length and
diameter) and fruit mass (g). Observations should be recorded about
whether fruits and flowers developed normally or abnormally compared to
what is expected for the species or cultivar.

Intermediate recommendations for plants. Plant species, seed source,
germination rate (%), and plant growth measurements (plant height,
crown diameter, SFM, RFM, SDM, RDM) should be reported, as listed in
the “basic-level” recommendations. Plant leaf area (cm2) should be
measured using a leaf areameter, leaf scanner, image processing software,
or another tool. To evaluate plant physiology, stomatal conductance
(mmol m−2 s−1) should be evaluated, especially if there is an a posteriori
phytohormonal analysis of the samples (e.g., stomatal conductance with
leaf abscisic acid concentrations). Stomatal conductance describes the
rate of carbon dioxide entering or water vapor exiting through the sto-
mata of a leaf, and depends greatly on carbon dioxide concentration and
vapor pressure deficit. Leaf area (cm2) and shoot dry mass can be used to
calculate shoot leaf area, which quantifies the average leaf thickness
per plant.

If reproductive stages areobserved, detailed data should be collected (as
described above) for growth period (days or weeks) before flower devel-
opment, average numbers offlowers and fruits per plant, size of fruit (length
and diameter), fruit mass (g), and flower/fruit morphology should be
visually assessed.

Advanced recommendations for plants. Plant variables should be
evaluated as described in the “mid-level” recommendations. Plant

growth measurements (plant height, crown diameter) should be taken at
regular intervals throughout the growth period, and measurements at
harvest should include leaf area (cm2), stomatal conductance (mmol m−2

s−1), SFM, RFM, SDM, and RDM. Additional measurements should
evaluate chlorophyll content and relevant secondary plant metabolites,
like anthocyanin content. This can be done with a SPAD leaf sensor or
with tissue compositional analysis.

If reproductive development is observed, data should be collected as
described in the “basic” and “mid-level” recommendations. Additional
postharvest measurements should be collected for edible fruiting crops.
Alongside fresh weight, fruit size (length and diameter), and average fruit
number per plant, tissue should be tested for BRIX (sugar content) and
anthocyanin content. Other species-specific fruit quality measurements
should be taken, including nutritional content for key nutrients such as
vitamin C (though key nutrients vary per species)165 and capsaicin content
(to quantify spiciness for crops like peppers). It is encouraged to test ger-
mination percent of any seeds that are produced.

Identifying the microbial community and monitoring response.
Microbial populations shape and are shaped by soil across our planet.
Their near ubiquitous distribution stands in stark contrast to theMartian
or lunar surfaces which are likely devoid of life, or if it does exist, persists
in only rarified locations. As all regolith simulants are terrestrially
derived, they are all inaccurate from amicrobiological perspective as they
almost certainly contain an associated population of microscopic bac-
teria, eukaryotes, and archaea. The aseptic preparation and packaging of
these simulants at production sites is unreasonable from a logistics

Table 3 | Recommendations for measuring plant response to regolith-based substrates

Parameter Type Parameter to Report Introductory Intermediate Advanced

Seed/Germination Plant Species/Cultivar X X X

Seed Source X X X

Germination success rate X X X

Growth Measurements Growth Period X X X

Plant Height X X X

Average crown diameter X X X

Shoot fresh mass at harvest X X X

Shoot dry mass at harvest X X X

Root fresh mass at harvest X X X

Root dry mass at harvest X X X

Leaf Area X X

Stomatal Conductance X X

Shoot Leaf Area (calculated) X X

Chlorophyll content during growth X X X

Postharvest (vegetative) Phytohormonal analysis X

Chlorophyll content, destructive X X

Secondary metabolite content X

Reproduction Time before flowering X X X

Flower per plant X X X

Fruits per plant X X X

Fruit length and/or diameter X X X

Fruit mass X X X

Species-specific measurements X X X

Postharvest (reproductive) BRIX sugar content X

Secondary metabolite content (namely anthocyanin) X

Nutritional analysis for key nutrients of that crop X

Germination rate of second-generation seeds X
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perspective. Sterile procedures are also not reasonable from the per-
spective of most plant growth projects. Indeed sustainable agriculture in
regolith systems will almost certainly depend on the incorporation of
specific microbial cohorts to leverage the benefits described earlier in this
text (e.g., nitrogen fixation, bioweathering, etc.). Therefore, a gnotobiotic,
or knowing the identity of allmicroorganismswithin the regolith, with an
aim towards microbial management, is a more reasonable approach than
a sterile one.

However, other than an early evaluation of JSC-1A, little infor-
mation on themicrobiomes of either lunar orMartian regolith simulants
are available. This represents an obvious area of concern as the presence
of specific microbial cohorts, either pathogens or mutualists, would
significantly impact any plant growth studies performed in these
simulants. Moreover, given the aforementioned potential for micro-
organisms to transform regolith, the endogenous microbial community
of these simulants could continue to alter composition post-acquisition
depending on the mechanism of storage. This lack of information
regarding the starting microbiome composition represents a significant
knowledge gap which needs to be addressed for research of plant growth in
regolith. Addressing this concern at the very least should be part of the
basic microbial considerations of any ongoing plant growth research.
Herewewill outline specific experimental considerations thatmay prove
useful for both small as well as large scale studies. The former can often
be performed in magenta boxes under sterile conditions, while the latter
are often open air and therefore susceptible to contamination by the
microbiome of the environment. In the case of a closed loop habitat like a
lunar or Martian colony this will likely be endophytes from other plants
as well as the endogenous microbiome of the colonists, or any other
animals present.

Here we discuss several best practices for including microbes into
in situ resource utilization studies with lunar and Martian regolith simu-
lants.As above,wehave attempted to categorize these practiceswith the goal
of balancing encouragement of new regolith biology research while pro-
viding increased rigor to experimental design and data collection. In the
process of developing these best practices, specific research questions which
need to be addressed by the regolith research community for further pro-
gress in this area emerged and have also been included here (See above
section “Key Questions and Knowledge Gaps”).

Introductory recommendations for microbiome. The vast majority of
the current plant growth studies in regolith simulants pay little attention
to the existing microbiome of the simulant, or consider the use of
microbial partners for improving growth. However, leveraging the
advantages provided by the incorporation of microbial partners is a
research area we predict will experience significant growth over the next
few years. Given this likelihood, we propose some simple parameters to
eliminate or define the existingmicrobiome as well asminimumdata that
should be reported during inoculation studies. As the potential impact of
themicrobiome on plant growth and development is crucial, even studies
not focused on the use of microbial partners should consider these
parameters in their experimental design.
• For small-scale studies, to be performed aseptically, such as in a

Magenta box or other culture vessel, substrates should be sterilized by
autoclave or other approved source that will limit changes to simulant
mineralogy.

• Studies incorporating fungi or bacteria need to include an accepted
measure of the inoculum size, or the number of viable units being
added. This can include colony-forming units in the case of non-
filamentousmicroorganisms, or total chlorophyll as an approximation
for filamentous cyanobacteria such as A. cylindrica166. Methods for
such inoculations are readily available, and Heydarian et al. is a good
example of this167.

• As an alternative to the use of live microorganisms, microbe-
derived biomass (algae, cyanobacteria, etc.) can be employed as a
biofertilizing agent. Methods for calculating the dried biomass

should be used to characterize how the simulant has been
amended as described by ref. 168.

• For large-scale studies, sterilization of all regolith may not be feasible,
therefore an accounting of themajor species of themicrobiome should
be referenced if one is available. The lack of such a reference is a notable
knowledge gap in the current research.

Intermediate recommendations for microbiome. In contrast to the
introductory parameters, ourmid-level protocols are intended to address
studies focused on the direct investigation of plant-microbial associa-
tions. This can be through the use of the existing regolith simulant
microbiome, or the intentional introduction of one or more defined
species ofmicroorganisms for gnotobiotic studies. This level builds on the
introductory parameters, meaning that the microbiome of all simulants
should be defined or eliminated by sterilization. At this level, there is no
significant distinction between the best practices of small- and large-scale
studies; only the sampling size between the two scales should be a
consideration.
• Observing relative densities of the major cultivable microbes along the

rhizosphere between regolith grown samples and controls. A viable
procedure for this has been described by ref. 169. Such assays would
need to be performed at LEAST in triplicate for each treatment type.

• Characterizing the major cultivable microorganisms as potential plant
growth promoting pathogens through plate-based methods, i.e.,
selective culture media. A summary of viable plate-based methods
for the identification of plant growth promoting bacteria (PGPB) is
available in ref. 135. This should be followedwith inoculations of plant
seeds to confirm PGP activity.

Advanced recommendations for microbiome. Studies at this level
move beyond simply identifying the most common inhabitants of the
microbiome as well as their potential to improve plant growth, as defined
by the mid-level parameters. Rather, high-level studies focus on under-
standing the temporal and spatial changes bothmicrobiological as well as
chemical within the rhizosphere or phyllosphere, the site of plant-
microbial associations. Such studies are at the cutting edge of the plant
research more broadly and their incorporation into regolith would be
evidence that this area of research has indeed “arrived”. At this level, there
is no significant distinction between the best practices of small- and large-
scale studies; only the sampling size between the two scales should be a
consideration.
• Determining the spatial distribution ofmajor cultivable bacteria across

the root surface as well as distally in the regolith sample should be
determined using procedures like those of ref. 169.

• Metagenomic characterization of the phyllosphere, rhizosphere and
distal soil using established methods and primers. Common primers
for metabarcoding include 16S (prokaryotes and archaea), 18S (pro-
tists), and ITS (fungi). Regolith chemical composition is likely to
complicate isolation of DNA and an optimized approach needs to be
developed. Electrophoretic approaches and isolation methods asso-
ciated with iron rich substrates may be of particular assistance.

• Extraction and analysis of the chemical composition of the rhizo-
sphere. AswithDNAextraction, such isolation is likely to be limited by
regolith composition and will need to be isolated.

• Performing KEGG metabolic network analysis based on identified
rhizosphere metabolites to determine potential contributions to plant
growth and long-term impacts on soil health.

Recommendations for designing and tracking variables in the
growth environment. The growth environment has a significant effect
on plant response, microbiome characteristics, and regolith alteration. In
order to evaluate the effects of the experimental variables on the intended
samples and separate them from the effects of non-experimental or
unintentional variables, researchers must carefully manage the plant
growth environment (air, water, nutrients, and other conditions) tomake
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accurate causal inferences about RBA. If these tools, facilities, ormethods
are not within the scope of an experiment, we strongly recommend
collaboration with other researchers. To minimize confounding vari-
ables, regolith-plant experiments should be done in a temperature-
controlled greenhouse or controlled environment growth chamber.
Controlled environment (CE) growth chambers are ideal because of their
ability to maintain careful setpoints and their flexibility for a variety of
environmental conditions. Additionally, replications over space and time
can reduce variability in plant experiments, and should be used for
regolith simulant experiments even when regolith simulant volume is
limited. Ideally, one CE growth chamber would be treated as a replicate,
and experiments would be replicated between several growth chambers.
Less costly alternatives to this include repeating an experiment over time
in one growth chamber, or transferring plants between CE growth
chambers to minimize confounding environmental effects (Table 4).

Introductory recommendations for growth environment. These
guidelines express the minimum frequency at which data should be
taken. Dry bulb temperature (degrees Celsius) should be measured at
least twice per day–once during the light period, once during the dark
period–using a temperature sensor that is shielded from light and
moisture and placed at canopy-level and control within limits, 10 degree
C fluctuations. Atmospheric moisture should be measured as percent
relative humidity (RH%) and controlledwithin limits, and data should be
collected at the same frequency as dry bulb temperature. Carbon dioxide
(CO2) substantially affects plant growth and development, and although
many plant growth chambers do not include CO2-controlling equip-
ment, it is recommended that a CO2 sensor be installed, and CO2 con-
centration should bemeasured hourly throughout the growth period. Air
velocity (m s−1) should be measured at the canopy level at least once
during the experiment. Wateringmethods should be carefully detailed in
the resulting publication, including the water delivery method (over top,
subirrigation, etc.), watering frequency and amount, and pH/EC. If
nutrients are applied, these should be measured in mg L−1 of liquid and
total mg per plant if granular. Frequency of application should be
described, and if liquid, pH of nutrient solution should be reported165.

Lighting also greatly affects plant growth anddevelopment, therefore at
aminimum, light duration (photoperiod, hours per 24 h) and light intensity
should be measured. Light intensity is expressed as Photosynthetic Photon
Flux Density, PPFD (μmolm−2 s−1), where several measurements are taken
at canopy height, to find the average light intensity of the growing area.
Vertical light gradients depend onmany factors, such as chamber size, lamp
type, and lamp distribution, so light intensity data should be recorded at the
beginning of the experiment and periodically as the plants grow taller. The
frequencyof this data collection depends on the rate of shoot elongation and
the duration of the experiment, but at minimum this data should be col-
lected from sensors placed at the lowest and tallest average plant height.
When plants are grown at a greater distance from the lights, there is a less
severe vertical light intensity gradient, which results in a more uniform
growing environment (i.e., growing plants several meters’ distance from the
light source is preferable compared to growing plants only a few dozen
centimeters from the light source). Furthermore, when light fixtures are
placed close to the plant canopy, this causes greater environmental variation
between the place directly underneath the light fixture and the area sur-
rounding this place. These factors should be taken into considerationduring
experimental design, and therefore accurate data must be reported in the
resulting publication(s). It is recommended that authors include data for the
distance (cm) between the tallest plants and the light source, and the stan-
dard deviation between PPFD readings collected from points across the
growing area.

Environmental variables should also include any other pre-treatment
of regolith simulant, includingwhether itwas sterilized (and the sterilization
method used), the amount of simulant used in each sample (volume and
mass), and any nutrients or other amendments added to account for post-
sterilization leaching.

Sensor calibration is key to ensuring accurate environmental mea-
surements, and whenever possible, several sensors should be cross-checked
to ensure they produce reasonably similar results (especially for light sen-
sors). Sensors should be calibrated regularly, according to the manu-
facturer’s procedures and recommended frequency. Other useful reporting
guidelines include those developed by the NCERA-101 Committee on
Controlled Environment Technology and Use: minimum guidelines for
greenhouses, and minimum guidelines for growth rooms and chambers,
and the guidelines for greenhouses in ref. 170. Other useful resources, such
asKatagiri provides recommendations for building amore affordable, high-
quality custom-built growth chamber171.

Intermediate recommendations for growth environment. The basis of
these environmental variables is similar to those outlined above, in the
“basic-level” recommendations, and greater frequency is encouraged.
Dry bulb temperature (degrees Celsius) and relative humidity (%RH)
should be measured several times during the light and dark period. We
recommend that researchers use relative humidity and dry bulb tem-
perature to calculate vapor pressure deficit (VPD, in kPa) within the
publication. Carbon dioxide concentration (μmol mol−1) should be
measured hourly, at aminimum. Air velocity (m s−1) should bemeasured
at the canopy-level once daily. Watering methods should be reported as
outlined in the “basic-level” recommendations, with some additions.
Before any fertilizer is added, water type (feed water, deionized water,
Ultrapurewater) and its pH and EC should be reported, andwater quality
testing is recommended. Additionally, leachate should be collected and
evaluated for pH and EC at the beginning and end of the growth period.
Nutrients applied should be reported as described above, and any pre-
treatment of regolith simulant should also be described in detail.

Lighting should be evaluated and reported including photoperiod (h),
light intensity over time, and light quality. Light intensity should be
expressed as PPFD (μmolm−2 s−1), and this data should be collected at
canopy level as the plant grows, at least four times throughout the plant
growth period, or more often if the plant height is rapidly increasing. Light
quality is described as the spectrum of wavelengths emitted by the light
source, for all wavelengths in the photosynthetically active radiation range
(between 400 and 700 nm). It is expressed as a spectral graph, showing the
PPFD of each wavelength. This data is often listed in the product details for
the light bulb/diode array, and can also bemeasured by a spectroradiometer.

Advanced recommendations for growth environment. At this level,
similar morphological and physiological observations should be made as
are listed above, though with an increased frequency and with some
additional variables. Dry bulb temperature (degrees Celsius) and relative
humidity (RH%) should be measured at least every 10 min, and we
recommend that researchers use these values to calculate vapor pressure
deficit (VPD, in kPa) within the publication. Carbon dioxide con-
centration (μmol mol−1) should be measured hourly at a minimum, and
air velocity (m s−1) should be measured once daily. Watering methods
should be reported, and water quality tests should be conducted on the
water before fertilizers are added. Researchers should report the nutrients
applied (mg L−1 if liquid, total mg per macronutrient/micronutrient per
plant if granular) and frequency of application. It is recommended that
leachate be collected over time and repeatedly tested for pH and EC. To
quantify how much nitrogen (a key macronutrient for plant growth) is
retained in the substrate, we recommend that researchers measure the
volume of leachate produced by each plant and use this to calculate the
amount of nitrogen each plant receives. This also will indicate howmuch
water is available to the plant and will aid in understanding the root
environment.

Light reporting should include photoperiod (h), light intensity over
time (μmolm−2 s−1, at least four times over the growth period), and light
quality (expressed as a spectral graph). Any other light treatments should be
described in detail (such as end-of-day far-red radiation and night inter-
ruption), including the spectrum, duration, and time of application.
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Applying the recommendations
Thecentral focusofwhathasbeendiscussed thus farhasbeen the suggestion
of primary models from which current or future investigators in the RBA
field can use not only to be able to generate standardized datasets but also as
a tool with which they will build their experimental designs based on their
limitations, strengths and potential to collaborate with other researchers.

The three decision trees (regolith, bacteria, plant) represented in this
section create straightforward paths for prospective authors to develop their
experimental designs welcoming the standardized tiered system suggested
in section 5.0.Each tree serves as a startingpoint for researchers that can rely
on simple questions to shape their choices as they continue to develop an
already functional design to have a more in-depth look into some of the
other categories or start a new one.

Each tree functions on its own as part of what can be a fully integrated
system study that would encompass all themain research foci that compose
an RBA study.

Reiterations and conclusions
The success of future off-world colonies depends, at least in part, on
safe and sustainable food production. Regolith-based agriculture draws
on centuries of humanity’s experience in plant cultivation to make this
future possible, while minimizing the costs as well as other challenges
associated with the establishment of an off-world colony. Furthermore,
RBA leverages the millennia of coevolution between plants and
microorganisms to improve nutrient acquisition, reduce stress, and
improve disease resistance. However, RBA faces numerous obstacles to
implementation ranging from the geological to the biological. Ques-
tions and challenges such as which simulants to use and why or the
viability of specific plant and/or microbial systems are crucial to the
development of bioregenerative life support systems which will be vital
to the success of these future missions. From our review of the rich
history of regolith biology and geology here in these questions and
challenges became clearer and we have summarized them here. These
questions are akin to mile markers whichmust be passed on the road to
sustainable plant growth in these challenging environments.

If we extend our analogy just a little, it will be exceedingly difficult to
pass these collective mile-markers if we are all traveling on different roads.
Indeed, our review also revealed the frequently disparate research and
reportingpracticeswithin the community of regolith researchers. This is not
at all surprising given the varied backgrounds of the community as well as
the general lack of any authoritative agency or organization to fund and/or
direct research in this area. Our proposed best practices are an attempt to
rectify the current lack of oversight and provide a framework for consistent
experimentation and reporting of results to accelerate all our research
efforts. Finally, it is our sincerest hope that these recommendationswill drive
new collaborations, provide opportunities for new researchers to make
substantiative contributions, and generally improve the connectivity of this
community of researchers as we contribute to the development of crucial
infrastructure for future off-world colonies.
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