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Introduction

As future, long term, space travel becomes a reality and projects like Artemis develop,
establishing a renewable food source off Earth is becoming a necessity. Travel to Mars and
the colonization of the moon will have to be preceded by food being grown on site that will
not have to be blasted off Earth. Currently the cost for materials going to the moonis one
hundred thousand dollars per pound (Jones, 2022). This makes sending home grown food
to the moon prohibitively expensive. Humanity will have to create a way to turn the lunar
and Martian regolith into crop sustaining soil.

Theory

To have healthy crops there must first be healthy soil. Soil is the composition of minerals,
dead and decomposing organic matter, and all micro and macro-organisms presentas a
substrate that was or is immediately on the surface of the earth (USDA, 2024). Capable of
having trapped gases and water within it, soil's primary importance to plants is in offering a
medium to uptake several key nutrients. Nitrogen is a core element for the production of
hormones and proteins within the plant. Phosphorus is necessary for plants to carry out
photosynthesis. Calcium is used in the general growth and the production of new root
growth. Magnesium is a component within chlorophyll, which provides the green hue
within plants and their leaves and is necessary for the absorption of light. Potassium helps
in the movement of water and nutrients within the plant. Sulfuris vital for the production of
amino acids within plants. Soil also includes various other trace elements, such as Iron or
Zinc, which aid in the same if not similar functions such as disease resilience (NSW, 1970).
The availability of these nutrients and their quantity within the soil help determine the
health of the plant, with other factors such as the soil microbiome affecting the plant’s
ability to intake beneficial minerals and nutrients.

A microbiome is the community of organisms that exists in a particular environment. All of
these are made up of microorganisms such as viruses, bacteria, archaea, and fungi
(Banerjee, 2022). Microbes are in every corner of life and contribute to human, animal, and
soil health (Microbiology, 2017). They can modify their environment in ways that can either
cause harm or be beneficial. Each organism type has its own set of unique microbes. An
example of microbiomes in human health is those living in our intestinal tract (Taylor,
2017). These microscopic beings aid in the digestion of anything we aren’t able to digest
ourselves. This is one of the many mutualistic relationships between microbiomes and
their hosts. For healthy soil you must have a robust soil microbiome. After a primary or
secondary succession event such as glacial receding or a wildfire, the regrowth of the soil
microbiome is the first step in plant life returning to the affected area. Every ecosystem on
Earth has its own combination of micro-organisms that make up its microbiome. “The soil
microbiome regulates soil organic matter, decomposition and stabilization, soil nutrient
dynamics, and rhizosphere function” (Nelson, 2022). Without a healthy microbiome,
plants will not have the correct environment in which to grow. The microbiome is vast,



“One gram of soil can contain up to 10 billion microorganisms and consist of thousands of
different species” (Soil, 2023). Agriculture would not exist without maintaining a healthy
microbiome for the various food crops humans rely on.

A possible challenge of growing consumable food on the moon or Mars lies with the lack of
an established soil microbiome in the regolith. Regolith refers to loosened fragmented
material that forms on the surface of a planet, moon, or even an asteroid. Regolith forms
because of processes like weathering and volcanic activity (Encyclopaedia Britannica,
n.d.). On Earth, the regolith would include soil, sand, and other fragmented materials.
However, Earth’s regolith is unique because it has organic matter, microorganisms, and
nutrients that are essential for life (Encyclopaedia Britannica, n.d.). Other planets like Mars
have regolith that contains iron oxides, which give the planet its reddish color. Regolith on
other planets often contains unique and toxic compounds that are harmful to crops grown
on Earth. The Moon’s regolith, like other extraterrestrial regolith, lacks nutrients and is
composed of crushed rock and minerals. It has no toxic salts or high levels of iron oxides,
making lunar regolith less chemically toxic. However, having no nutrients or organic matter
makes it challenging to use as a growing medium (de la Torre et al., 2021). These
differences are why lunar regolith is still a key focus in agricultural experiments. To study
plant growth, researchers and educators use regolith simulants, which mimic the physical
and chemical structure of the Highlands of the Moon’s surface. This offers a realistic
medium to test the viability of crops like wheatgrass under extraterrestrial conditions (de la
Torre et al., 2021).

Wheat is a part of the grain food group and is one of the first crops cultivated by humans.
Grains are enriched in many vitamins and nutrients that are vital to human health. In
general, sufficient grain consumption promotes healthy weight along with reducing the risk
of heart disease. Common foods made from grains include rice, oats, and cereal. The
portion of wheat we eat is called the kernel, which is the fruit of the plant. Many kernels are
produced from a single wheat plant. While there are many wheat species, their soil needs
are relatively the same. All wheat grows best in soil thatisn’ttoo damp and has a
composition of both clay and sand. The soil must drain water at a pace suitable for wheat
growth. The microbiome cultivated by wheat combats both living and non-living factors
such as pathogens, weather, and saturation. Microbiomes in the soil can either harm or
assist the microbes that already exist within the wheat (Chen, 2021). For this experiment
wheat grass was chosen as the crop based on the relative ease of growing, the speed at
which wheat grass germinates and grows, and the idea that wheat would be a primary
candidate for a staple crop in human travels into outer space.

This experiment seeks to determine if the presence of microbial life within organic soil
mixed with regolith will support greater growth in wheat than sterile soil mixed with lunar
regolith. Ten pots have been planted with wheat grass. Two have only organic potting soil,
two have sterilized organic potting soil, three have 50% organic potting soil mixed with 50%
regolith, the last three have 50% sterilized organic potting soil mixed with 50% regolith. The
hypothesis is that the wheatgrass grown in non-sterile soil will have more root mass, leaf



mass, and higher chlorophyll concentration than the wheatgrass grown in sterile soil. Itis
expected that the sterilization process will kill off the microbiome in the soil and cause
weaker plant growth.

Measurements and Methods

Initial Planting and Set Up

To sterilize, the soil and regolith were autoclaved. All pots, beakers, work surfaces and
other equipment were sterilized with Ethanol to ensure no bacteria were introduced. Each
pot was labeled with labeling tape with each replicate being a different color. Pots 1, 2
(sterile soil alone), 3, 4, (non-sterile soil alone), 5, 6, 7 (50/50 sterile soil and regolith
mixture), and 8, 9, 10 (50/50 non-sterile soil and regolith mixture). To find the volume of
loose soil that would fit into each pot, soil was placed into a pot then transferred into a
large beaker for measuring. The amount determined was 450 milliliters (ml) total per pot.
For the pots with mixtures of soil and regolith, there was 225ml of loose soil and 225ml of
regolith per pot, with a (+/-) 50ml margin of error, tapping down lightly to get the proper
volume when taking the final measurement. The sterile soil and regolith, and non-sterile
soil and regolith mixtures were made in batches of 700ml of each soil type. Water was
added until the soil was damp to ensure that the soil would hold moisture for the seeds to
germinate in. The soil combinations were then mixed by hand. Before placing the soil
mixtures into the pot a cut wet paper towel, the size of the bottom of the pot, was placed at
the bottom of the pot to cover drainage holes to lessen soil loss. Wet soil mixtures were
then placed in their corresponding pots based on soil conditions at 450ml per pot then
lightly tamped down. Wheatgrass seeds were then counted individually at 36 seeds per pot
and placed in the pot 1/4in apart from each other in a grid pattern and roughly 1/8in deep
into the soil.

Plant Maintenance during Growth Period

Plants were kept in a lab near sunny, west facing windows. Pots were checked daily to
assess lighting conditions, soil moisture and watering as needed. Bottom watering was
alternated with top watering to maintain saturation without overwatering. Observations
about plant health, temperature, and environmental conditions were recorded in a shared
journal. Members of the team documented daily maintenance and notes to track
abnormalities or any potential trends in plant development.

Seedling Count

During the first seven days the pots were monitored for germination of sprouted seeds and
to assess initial viability. A final count of germinated plants was also conducted at



harvesting. The final count of germinated plants was used to control for differences in
germination when evaluating wet leaf mass.

Final Plant Height

At the end of the growth period, the height of each plant was measured from the base of
the stem to the tallest part of the plant. Measurements were taken using a ruler to record
the height of the three tallest plant and the three shortest plants per pot and averaged
across replicates in each condition to compare effects of sterile vs. non-sterile soil and the
addition of regolith. Average height and range of replicates were calculated.

Final Leaf Mass

The average leaf mass per plant and range of replicates was calculated in grams. Final leaf
mass was calculated by measuring the mass of the greenery. The wheatgrass was cut just
above the root and placed on a scale.

Qualitative Root Analysis

After carefully removing the plants from their pots, the roots were rinsed under tap water.
This was done to try to remove any excess soil trapped between the root systems.
However, the root systems were not able to be fully cleaned of soil and paper towel.
Control groups and experimental groups were visually compared and photographed for
qualitative evaluation.

Chlorophyll Concentration

Chlorophyll pigments were extracted and measured using spectrophotometry in a protocol
adapted from SERAS SOP on chlorophyll determination and the U.S. Environmental
Protection Agency SOP on chlorophyll determination. Fresh wheatgrass leaves were
harvested and 1 gram of tissue per sample was separated. These leaves were then cut into
small pieces and ground using a mortar and pestle. Acetone was occasionally added to
help break down leaf tissue into paste like consistency. The solution was covered and left
to settle. The liquid portion was then carefully poured into a sterile vial. These were
wrapped in foil to prevent the chlorophyll from degrading.

The chlorophyll extract was centrifuged for 10 minutes to separate from any remaining
solids. 3 ml of the supernatant was transferred via pipette into a clean cuvette for
spectrophotometric analysis. The spectrophotometer was calibrated to measure
absorbance at 663 nm for the wavelength of Chlorophyll and 645 nm for the wavelength of
Chlorophyll b. Data was recorded for further calculations.



The concentration of Chlorophyll a and Chlorophyll b were determined using the
equations:

Chlorophyll a= (12.7) * A663 - (2.69) * A64—8
Chlorophyll b = (22.9) - Agss — (4.68) - Aggs

Total chlorophyll, average, and range for replicates were calculated. Results are
expressed in milligrams of Chlorophyll per gram of sample (mg/g).

Analysis & Results
Final Plant Count

Final Seedling Count
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Soil Conditions

Initially, in accordance with the proposed procedure, 10 pots were seeded possessing 32
seeds each. However, when acquiring the measurements for evaluating performance, it
was a made apparent that one of the replicates possessed an irregular number of sprouts.
Pot number 4, one of the two non-sterile pots possessing exclusively soil as its substrate,
had a number of sprouts totaling 61 by the end of the growth period. A number thatis
impossible with the standardized 32 that each variable was supposed to have. Due to this,
it was concluded that pot number 4 had been double seeded and as such was omitted
from all calculations due to being a clear outlier.



Light Differences

Night

During the course of the experiment, unexpected differences in light exposure were noted.
The photos above show the wheatgrass growing under different lighting conditions. The
image on the left was taken in the daytime, showing the plants in full ambient light.
However, a portion on the left side of the setup is noticeably getting less light. These being
samples 1 and 2, representing the sterile soil condition. This also applies to the left most
pot present within the sterile soil regolith mix, these being pots numbered 5, 6, and 7,
which due to variation in how they were replaced within the trays between watering have
alternated which pots were present within the dark spot.

The image on the right was taken at night, and it revealed an unexpected light source from
a streetlight outside the lab window. This light source also illuminates the middle and right
side of the grow setup in contrast to the three left most pots that experience little to no
light during the same hours. This causing samples 3 and 4 (representative of our nonsterile
soil condition) as well as, pots 8, 9, and 10 (representative of our nonsterile soil regolith
mix condition) to receive more light hours.



Plant Height

Avg Overall Height per Different Soil Conditions
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Above is a graph displaying the average overall height of the sprouts present within each
tested variable. This number was derived through taking the heights of the three tallest
sprouts within a condition, getting an average for the tallest plants present, then
conducting the same calculation for the three smallest sprouts within the same condition.
Upon having the average height for both the smallest and tallest plants within the
condition, the average of these totals was then found and used to represent the replicate
measured. This was repeated for each replicate with one last average being derived from
previously calculated values based on the replicate type.

This shows that through the variables tested, the tallest growth found was present within
both sterilized regolith soil mix and sterilized soil, both on average being taller than 20

centimeters (cm) in contrast to both non sterilized conditions both being only roughly 19
cm in height on average.



Leaf mass
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Above is a graph displaying the average wet leaf mass (in grams) per seedling across all
conditions tested. Plants grown in sterile conditions have an average wet leaf mass per
seedling of over 0.25 grams (g). With sterile soil being an average of 0.28 grams and sterile
soil regolith mix being an average of 0.26 grams per seedling.

These values both being greater than the average values of the non-sterile conditions, in
which nonsterile regolith soil mix was an average of 0.2 grams per seedling, while
nonsterile soil was an average of 0.18 grams per seed.



Root Quality
Non- Sterile Soil and Regolith




Above are photos taken of all the replicates side by side after having been removed from
their pots. This was after having cleaned away as much of the growing substrate as
possible from each plant with care to not damage the roots or growth in the process.

After having removed all substrate, the roots present within the sterilized conditions
appeared to be smaller than the roots present within the nonsterile conditions.

Chlorophyll Concentration
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Plants grown in sterile soil had an average of 817 milligrams (mg) of chlorophyll per gram
(g) of plant material which is less than the amount in plants grown in non-sterile soil
(average 929 mg/g). Plants grown in sterile soil mixed with regolith had an average of 497



milligrams (mg) of chlorophyll per gram (g) of plant material which is more than twice the
amount in plants grown in non-sterile soil mixed with regolith (average 218 mg/g). Thisis
the opposite of what was seen with pure soil. When comparing soil to soil mixed with
regolith, there was a reduction in chlorophyll concentration with regolith regardless of
sterility.

Discussion & Conclusions

The initial hypothesis was that nonsterile soil conditions would promote greater plant
health due to the presence of beneficial microbes. The data, however, did not consistently
support this hypothesis. For leaf weight, Chlorophyll concentrations, and average plant
height, plants grown in sterile soil mixed with regolith showed consistently better growth
compared to those grown in nonsterile soil mixed with regolith. For plants grown in just
soil, there was higher leaf weight and plant height in plants grown in sterile soil compared
to nonsterile soil.

However, some data showed the opposite relationship. In sterile soil not mixed with
regolith there was less chlorophyllin the plants than in plants grown in nonsterile soil. In
addition, the root system in the nonsterile conditions appears to be bigger and more robust
than the root system in the sterile conditions for both pure soil and soil mixed with regolith.

While the root quality data appears to support our hypothesis that the microbiome would
promote greater plant health, the difference in roots did not generally translate to greater
plant growth aboveground as measured by leaf mass, height and chlorophyll
concentration. Thisis surprising because it is typically assumed that greater root mass
supports greater growth. The cause of this discrepancy may lie in the potential impact of
harmful microbes eliminated from the soil that affect top growth.

The findings suggest that the sterilization process may have removed microbial pathogens
that negatively affect early plant growth, and that the microbial pathogens influence is
greater than beneficial microbes. However, it is possible that the absence of beneficial
microbes would become more important for plant growth later in the wheat life cycle. This
suggests that the absence of beneficial microbes should be studied in an experiment with
a longer growth period than 8 weeks. In addition, seed and fruit production in later life
stages should also be measured.

The data also showed that pots grown in regolith-soil mixtures showed poorer overall
growth compared to plants grown in soil. These results highlight the need to amend
regolith with soil or other nutrients to support good plant health. Future research should
focus on optimizing the soil to regolith ratio to determine the minimum amount of soil



required to balance plant health with the limitations of soil transport to space. Perhaps soil
quantity could also be reduced with supplemental nutrients.

If our data can be replicated, it also suggests that using sterile soil would be best for space
agriculture. However, DNA analysis of the microbes present in nonsterile soil compared to
sterile soil after the growth period should be completed to demonstrate whether there are
differences in the microbiome between the conditions tested and how that impacted the
beneficial and harmful microorganisms present. Further experiments could then identify
specific beneficial microbes that could be introduced to the soil-regolith mix. Such an
approach could reduce the risk of pathogen-related growth complications while optimizing
plant health.

There are some limitations to this experimental design that should be addressed when
attempting to replicate this data. Uneven light distribution across the growth setup may
have impacted some of the observed data trends, confounding our analyses. The
irregularity in daylight may have caused some plants to grow taller as they had to reach
further to gain more light access. It is also possible that the plants that received more sun
generated a higher chlorophyll count due to the increased light. Alternatively, itis also
possible that plants exposed to night light became fatigued and degraded their ability to
continue to create normal levels of chlorophyll. Therefore, ensuring even light conditions
and better control of experimental variables will be key in future tests. High variability
among replicates also highlights the need for further trials to confirm reliability of the
results. Additionally, while root mass was qualitatively assessed, quantitative
measurement of root biomass would provide a more accurate evaluation of root impacts.
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