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Background:

Human exploration of Mars presents substantial logistical and physiological challenges,
especially because missions require extended time away from Earth. A full round-trip may last
nearly three years, during which astronauts face muscle loss, radiation exposure, and overall
physiological decline. Sustainable food production systems, therefore, become essential, as they
provide nutrition, psychological comfort, and reduce reliance on resupply missions (Buckey
1999). One major obstacle in doing so is that Martian regolith lacks organic material and
contains very low levels of plant-available nitrogen, phosphorus, and potassium. These nutrients
are fundamental for biomass accumulation, metabolism, and reproduction, which means that
successful crop growth will require strategies that compensate for these nutrient deficits.

Cowpea (Vigna unguiculata) has emerged as a strong candidate for extraterrestrial agriculture
due to its rapid growth, drought tolerance, and natural symbiotic relationship with
Bradyrhizobium, a nitrogen-fixing bacterium (Nyoki 2014). This relationship enables cowpeas to
convert atmospheric nitrogen (N:) into ammonia (NHs), providing the plant with essential
nitrogen without the need for fertilizer input. One of the most visible outcomes of successful
inoculation in legumes is the development of root nodules, which house nitrogen-fixing bacteria.
These nodules serve as biological fertilizer units, ensuring that plants can access usable nitrogen
even when growing in nutrient-poor systems such as regolith. Nitrogen fixation, however, is
energetically expensive and heavily depends on phosphorus, as it supports ATP production
necessary for nitrogenase activity. Under low phosphorus conditions, legumes tend to produce
fewer nodules, smaller nodules, and exhibit less efficient nitrogen fixation (Divito et al. 2013).
Potassium further influences legume development by regulating photosynthesis, carbohydrate
allocation, water balance, and enzyme activity. Duke and Collins (1985) showed that increasing
potassium availability improved both nitrogen assimilation and reproductive outcomes by
supporting enzyme function in legume nodules.

These nutrient constraints have led researchers to explore microbial solutions that mobilize
nutrients directly in the root zone. Pseudomonas fluorescens is widely studied for its ability to
solubilize phosphorus through the secretion of organic acids and phosphatase, which improves
phosphorus uptake and enhances the nitrogen-fixation process (Sharma et al. 2013). Additional
support for combining microbes comes from Jabborova et al. (2018), who found that soybean
plants co-inoculated with Bradyrhizobium japonicum and Pseudomonas putida developed more
nodules, stronger root systems, and greater biomass than plants inoculated with Bradyrhizobium
alone. These improvements were observed at both low and high phosphorus levels, indicating



that P. putida enhances nutrient acquisition across a wide range of environments. This evidence
reinforces the idea that nutrient-mobilizing bacteria can enhance the performance of
nitrogen-fixing microbes, rather than acting independently.

Our experiment applies these findings by testing whether inoculating cowpea with
Bradyrhizobium, Pseudomonas fluorescens, and Pseudomonas putida improves nodulation and
reproductive growth in a 50% Martian regolith mixture. The broader scientific question is
whether microbial consortia can operate as self-sustaining fertilizers in environments lacking
nutrient inputs. If cowpea produces more nodules, greater biomass, and higher fruit output under
inoculated treatments, this would suggest that microbe-supported agriculture could contribute to
long-term food systems beyond Earth. These findings also extend to Earth-based challenges,
where similar microbial interactions could improve food production in nutrient-poor or degraded
soils.

Hypothesis

If cowpea plants grown in a 50% Martian regolith mixture are inoculated with
phosphorus-solubilizing (Pseudomonas fluorescens) and potassium-associated (Pseudomonas
putida) microbes in addition to Bradyrhizobium, then plants receiving all three microbes will
produce a greater number of fruits and develop larger and more abundant nodules than plants
receiving only Bradyrhizobium. This outcome is expected because the combined microbial
activity is expected to increase the bioavailability of essential nutrients, particularly phosphorus
and potassium, which enhances nitrogen-fixation efficiency and supports healthy reproductive
growth (Divito et al., 2013; Sharma et al., 2013; Duke and Collins, 1985).

Rationale

Plants receiving the combination of nitrogen-fixing and nutrient-mobilizing microbes are
expected to outperform the other treatments. Nitrogen fixation by Bradyrhizobium enhances
growth and leaf development, while sufficient phosphorus availability improves nitrogenase
function and overall nodule formation (Divito et al., 2013). Pseudomonas fluorescens enhances
phosphorus bioavailability, thereby improving the efficiency of ATP-dependent nitrogen fixation
and promoting biomass accumulation (Sharma et al., 2013). Pseudomonas putida has been
linked to maintaining favorable root-microbe interactions, which enhance physiological
resilience and nutrient uptake (Jabborova et al., 2018). Together, these bacteria create a
nutrient-supportive environment that is predicted to yield stronger plant growth, more nodules,
and greater fruiting success than cowpea growing with Bradyrhizobium alone.



Methods

A total of twelve pots were used, three for each treatment type. Treatments included a control
inoculated only with Bradyrhizobium, NP inoculated with Bradyrhizobium and Pseudomonas
fluorescens, NK inoculated with Bradyrhizobium and Pseudomonas putida, and NPK inoculated
with all three bacteria. All treatments received a 50% mixture of regolith and 50% soil in the top
chamber, while the bottom chamber with a wick received 200 milliliters of distilled water for the
first week, followed by 100 milliliters of water each week. Cowpea seeds were soaked in
distilled water overnight in a controlled growth chamber before being placed in pots. Each pot
received three seeds without inoculation. Three weeks later, the plants were inoculated with
Bradyrhizobium (a Nitrogen fixer), Pseudomonas fluorescens (a Phosphorus solubilizer), and
Pseudomonas putida (a Potassium solubilizer). Observations were recorded weekly in a lab
notebook, including nutrient deficiencies, stem length, overall plant health, and growth.
Additionally, weekly photographs were taken. A dilution series was completed after the initial
inoculation to measure how many CFUs would be present in the soil

Results

Across the 7-week growth period, all four treatment groups showed a steady increase in stem
length. The NK treatment reached the highest average stem length by week 7, followed by NPK
and NP treatments, while the control remained slightly lower (Figure 1). Leaf number also
increased over time across all treatment groups, and by week 7, the NP and NPK treatments had
the highest average number of leaves, with the NK treatment being slightly lower, and the
control showing the fewest number of leaves (Figure 2). At the end of the growth period, the
plants were harvested to measure root length and biomass. The treatment group with the highest
average root length was the control group, while NP, NK, and NPK treatments displayed similar
values (Figure 3). Measurements of biomass followed a similar pattern, with the control group
having the highest average biomass, followed by NP, NK, and NPK showed the lowest averages
(Figure 4). Error bars overlapped across most treatment groups and their measurements. There
were obvious nutrient deficiencies, such as chlorosis, noted by light green discoloration and
white or yellow spots on the leaves. Molybdenum deficiency is another condition often indicated
by scorched leaves. When the plants were harvested, and root measurements were being taken,
the roots were investigated for nodule growth. There were no visible nodules on any of the roots
throughout all treatments. However, a dilution series of the soil was conducted to test whether
bacteria were present in the soil. The dilution series demonstrated bacterial growth on the plates,
indicating that it also occurred in the soil of each treatment.
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Figure 1. Average stem length for 4 treatment groups over a 7-week period. Stem lengths
were measured on each plant per treatment throughout the growth period. The plants were
replanted in week one, so there is no data available. However, the plants germinated and were
measured starting in week 2. Throughout the growth period, the NK treatment appears to have
the largest average stem length. Error bars represent +1 standard error.
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Figure 2. Average number of leaves per plant in 4 treatment groups over a 7-week period.
The average number of leaves was counted on each plant per treatment throughout the growth
period. There is no data for week one because the plants were replanted, and the data was
collected for weeks 2-7. NP had the most leaves by the end of the growth period, but in weeks
1-5, NK had the most leaves. Error bars represent +1 standard error.
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Figure 3. Average root length across four treatment groups. There were four treatments:
control, nitrogen-phosphorus, nitrogen-potassium, and nitrogen-phosphorus-potassium. The
plants were grown in a planting chamber for 7 weeks, and then, at the end of the growth period,
all plant roots were cleaned and measured. The control group had the largest root length;
however, none of the data appears to be statistically significant, as indicated by the overlapping
error bars. Error bars represent +1 standard error.



]
w

& 20
wn
[7p]
e 15
=
s
© 10 [
an
1]
l
< 5

0

Control NP NK NPK
Treatment Group

Figure 4. Average Biomass across four treatment groups. There were four treatment groups:
control, containing nitrogen-fixing bacteria; nitrogen-phosphorus, containing nitrogen-fixing
bacteria and phosphorus-solubilizing bacteria; nitrogen-potassium, containing nitrogen-fixing
bacteria and potassium-solubilizing bacteria; and nitrogen-phosphorus-potassium, containing all
three bacteria. The control group had the highest biomass, and the data between the control
group and the NP group are statistically significant. The remaining data is not statistically
significant. Error bars represent +1 standard error.



Figure 5. Week 2 Growth Progress. Plant growth is shown two weeks after planting. Panels
show different treatment conditions: (A) NK, (B) NPK, (C) NP, (D) control. All treatments show
relatively healthy plants with ongoing vegetative growth.



Figure 6. Week 7 Growth Progress. Plant growth is shown at the final week of treatment.
Panels show: (A) NK, (B) NPK, (C) NP, (D) control. Notable symptoms of nutrient deficiency
are evident across all conditions, suggesting widespread stress and nutrient depletion in the soil
medium.



Discussion

Final results after the 7-week growth period showed that our hypothesis was not supported. We
hypothesized that the NPK group would have the largest and most abundant root nodules, as well
as a greater number of fruits. None of the treatment groups developed any root nodules during
the growth period. There was also no fruit production during the growth period. This is not
surprising considering that cowpeas, Vigna unguiculata, take at least 60 days to produce pods
before the formation of mature seeds, and the growth period was less than 60 days (Growing
staple vegetables from around the world in Minnesota, 2021). There is a possibility that the root
nodules were unable to form because the inoculation with Bradyrhizobium did not occur until
three weeks after the seeds had been planted, allowing them time to grow without the presence of
the bacteria. Although a dilution series was conducted and the presence of bacteria in each of the
treatment groups was confirmed, further testing would be needed to determine the specific type
of bacteria present in the substrates. The ideal way to identify each of the different species of
bacteria would be to sequence each of the colonies on the dilution series plates to confirm their
identification. The presence of bacteria after the growth period is suggestive that microbes have
the ability to survive in a substrate that contains at least 50% Mars regolith.

The overall growth of the plants across each treatment group showed no significant differences
in average stem length, number of leaves, root length, or biomass. The lack of significant
differences between the treatment groups is possibly due to the fact that inoculation of the
microbes Pseudomonas fluorescens, Pseudomonas putida, and Bradyrhizobium occurred later in
the growth period. This could also be the reason behind the apparent nutrient deficiencies
observed in each of the treatment groups. Chlorosis was observed on many leaves, characterized
by a yellowish discoloration accompanied by white and yellow spots. Interveinal chlorosis was
shown by the light green along the veins only. A molybdenum deficiency was also noticed in the
plants, which appeared as scorched leaves. Molybdenum is important for enzymatic activity and
nitrogen fixation in legume plants (McCauley et al. 2009). The plant's inability to uptake and
obtain necessary nutrients from the substrate to combat nutrient deficiencies could be due to the
lack of solubilizing microbes in the substrate or a substrate pH outside the range for optimal
nutrient uptake.

For future direction, monitoring the pH of the substrate would be beneficial to determine which
nutrients can be taken up by the plants. If the pH appears to be out of range for specific nutrients,
such as Nitrogen, Phosphorus, or Potassium uptake, actions can be taken to adjust the pH in the
substrate to facilitate proper nutrient uptake. Another suggestion for future research would be to
plant either one or two seeds per pot to lower the competition for nutrients between plants.
Fighting for nutrients can be an additional stressor on the plants during experimental growth
periods. Furthermore, inoculating the different microbes immediately after seed germination,
rather than waiting for plant growth, could allow more time for the microbes to fix nitrogen for



the plants and solubilize nutrients such as phosphorus and potassium in the substrate during the
critical growth and survival stages.
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