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As we establish colonies beyond Earth, resupply missions will become increasingly
difficult, logistically speaking, and less frequent. As a result, the on-site production of
plants will be mission critical for both food production as well as complementing life
support systems. Previous research on space crop production aboard the
International Space Station (ISS) has determined that the spaceflight
environment, though capable of supporting plant growth, is inherently stressful to
plants. The combined stressors of this environment limits yield by inhibiting growth,
as well as increasing susceptibility to infection by plant pathogens such as Fusarium
spp. We propose that a consortium of space-viable, plant growth-promoting
bacteria (PGPB) could assist in mitigating challenges to plant growth in a
sustainable fashion. Here, we utilize biochemical and phenotypic assessments to
identify potential PGPB derived from previously acquired isolates from the VEGGIE
crop production system aboard the ISS. These assays confirmed the presence of
bacteria capable of producing and/or interfering with plant hormones, facilitating
plant uptake of high-value target nutrients for plants such as iron and phosphorus,
and able to inhibit the growth of problematic fungal species. We discuss our findings
with regards to their potential to support plant growth aboard spaceflight platforms
as well as the Moon and Mars.

Keywords: regenerative life support, plant growth promoting (PGP) bacteria, space agriculture, astrobiology, space
crop production

INTRODUCTION

To ensure the longevity of human space colonization it is imperative to develop safe and sustainable
methods of life support on the surface of a planetary body, as well as on deep space transports.
Bioregenerative life support systems (BLSS) use biological processes to support a human crew by
recycling air and water, and in more advanced systems provide food. Food production is an
extremely important aspect of BLSS for deep space missions such as establishing a Mars colony. As
humanity establishes colonies further from Earth the logistics of resupply missions will become
increasingly complicated, limiting their frequency. Relying on resupply missions to provide food for
an off-world colony will not only be infeasible, but failed or delayed resupplies would be detrimental,
potentially lethal, to colonists.
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Current food production systems in space are limited to
modified hydroponic systems in microgravity such as the
Veggie growth system or the Advanced Plant Habitat aboard
the International Space Station (ISS). Crop selection for these
systems focuses on relatively fast-growing, pick-and-eat foods
(i.e., selections that require no processing/cooking to be eaten)
that can supplement the astronaut diet. These selections provide
nutrition lacking in prepackaged food such as potassium, or may
not be stable over long duration missions, such as vitamin C
(Cooper, 2013), but are not a significant source of caloric intake.
Food production systems for the Moon and Mars will likely have
the same considerations for early phase crop selection, retaining
these nutritious accessory crops, while also moving toward the
production of staple crops with higher caloric density.

The other benefit of these systems that has been noted is a
psychological benefit, both to eating fresh food, and tending to
the plants (Odeh and Guy, 2017). These benefits to the emotional
and psychological health of crew members have been reported
not only in space, but in the Neumayer Station in Antarctica
(Mauerer et al., 2016). These findings underscore the importance
that plant growth systems will play in overall crew health in deep
space missions, as well as on colonies on the Moon and Mars.

The Veggie system is a modified hydroponic plant growth
system that uses a “root pillow” containing an arcillite growth
substrate which helps to carry water and suspended nutrients to
the roots in microgravity (Massa et al., 2017a). Initial flight tests
of the Veggie system, supported that the average fresh mass of
surviving plants was higher in space flight samples compared to
ground controls, albeit with large variability. However, the total
number of ground control plants which survived over the
duration of the study was significantly higher than those in
microgravity (Massa et al., 2017a). Many of the plants in the
flight system exhibited guttation, stunted growth, leaf curling, and
chlorosis, all hallmarks of different stress responses, and
ultimately resulted in the death of many of these plants. One
of the major sources of stress in these systems is the behavior of
water in the microgravity environment which can limit nutrient
uptake, suffocate roots, and allow potentially pathogenic
microorganisms, such as fungi, better access to host tissues as
water builds up on leaves and around roots (Massa et al., 2017a).
Strategies to improve plant growth, relieve stress, and improve
disease resistance are in high demand for these environments.

On Earth, plants are assisted by a multitude of
microorganisms, generically classified as plant growth-
promoting bacteria (PGPB) which provide a variety of
functions to their hosts, typically in exchange for a variety
of carbon sources contained within root exudates. These
include functions such as: 1) the production and
manipulation of plant growth hormones (Ludwig-Miiller,
2015), 2) interference of ethylene production by
deamination of 1-aminocyclopropane-1-carboxylate (ACC)
(Gamalero and Glick, 2015), 3) fixation of atmospheric
nitrogen (Franche et al., 2009), 4) scavenging nutrients
from the environment (Rodriguez et al., 2006; Scavino and
Pedraza, 2013), or 5) provide resistance to potential
pathogens (Compant et al., 2005). We propose that PGPB
could perform a similar function aboard the ISS and other oft-
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world sites to ameliorate the stressors associated with these
environments.

In order to be sustainable, colonies on the Moon and other
planets will need to practice in situ resource utilization (ISRU), or
using resources available at the site of the colony to ensure
sustainable operations. ISRU efforts toward food production
often look at using the regolith available on site as a plant
growth substrate, though studies using regolith simulants have
shown the need for applied fertilizers (Bugbee and Salisbury,
2015; Eichler et al, 2021). Bacteria capable of scavenging
nutrients from regolith, or simply facilitating nutrient uptake
from fertilizer solutions would reduce the demand for those
nutrients from Earth. Many PGPB can solubilize the key
nutrient, phosphate, which may be present in regolith
minerals, or may precipitate out of solution when interacting
with other geologic material such as calcium, iron, or aluminum
(Rodriguez et al., 2006; Ambrosini and Passaglia, 2017).

The general potential for PGPB to limit the growth of potential
pathogens, either by producing antimicrobials or through
effective competition, is of great interest for future BLSS
(Compant et al, 2005), as it has been proven difficult to
completely eradicate potential plant pathogens on the ISS via
sterilization and sanitization. Some PGPB bacteria can produce
organic compounds known as siderophores as biocontrol agents
for potential pathogens. These compounds frequently work by
chelating iron and there is wide diversity among siderophores
produced by different organisms, along with a variety of transport
proteins. This allows an organism to compete for resources by
making the nutrient unavailable to competitors (Scavino and
Pedraza, 2013). Such siderophores may also have the potential to
scavenge iron from the rich iron-oxide deposits in Martian
regolith making this crucial nutrient more available to plants
in this environment (Blake et al., 2013).

While the biological control of potential pathogens is an
important role for PGPB, the most common functions of
PGPB are those that improve overall plant growth. One
common mechanism for improving plant growth is through
manipulation of plant hormones, such as the production of
indole-3-acetic acid (IAA), or the interference of ethylene
production. IAA is the most common form of auxin, the plant
growth hormone. Stimulating auxin responses can encourage
root and shoot elongation in most plants, while facilitating
nodulation in legumes (Ludwig-Miiller, 2015). Ethylene is a
volatile hormone commonly used by plants in abiotic stress
responses, as well as in defense against pathogens, and is
associated with a reduction in overall growth. Some PGPB, as
well as some pathogens, can inhibit ethylene production by
metabolizing the ethylene precursor 1-Aminocyclopropane-1-
carboxylic acid (ACC) as a nitrogen source. This allows the
plant to become more resistant to abiotic stress, by ignoring
these effects at low concentrations. Reduced ethylene production
is frequently associated with increased plant growth and
nodulation given the inhibitory effect this hormone can have
on auxin responses (Gamalero and Glick, 2015). In summary,
there are a variety of ways in which PGPB may ameliorate the
challenges plants face in both the spaceflight environment as well
as on an off-world colony.
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However, for the protection of the crews who work with the
plants, just like all the other items sent to space, everything in
these systems are either sterilized or sanitized in the case of the
seeds used (Massa et al., 2017b), and these practices are likely to
continue. Yet despite these efforts to remove microbes from these
systems, the ISS has a fairly diverse microbiome both in the plant
growth systems (Khodadad et al., 2020), and on the general space
station surfaces (Checinska Sielaff et al., 2019). The microbiome
on the ISS is predominantly derived from the human microbiome
(Avila-Herrera et al., 2020), which is then spread to the plants via
astronauts during watering, pruning, and multi-round
harvesting.

Seed-borne endophytic microbes which were unaffected by the
surface sanitization of the seeds are likely to contribute to the
plant microbiome as well (Ravel et al., 1997; Pitzschke, 2016). It is
from this group of seed-borne endophytes that there may be a
subset of plant growth promoting bacteria (PGPB) growing in the
plant growth systems of the ISS. Yet, bacterial populations in
Veggie are fairly heterogenous flight
experiments, and while certain genera are consistently present,
there are seemingly random differences in their distributions
(Khodadad et al., 2020). It is therefore prudent to consider the
development of a curated microbiome enriched with specific
PGPB with which seeds could be inoculated.

The routine use of such a PGPB “probiotic” can improve
current and future space food production systems, enhancing the
sustainability of these systems on the Moon and Mars. We
hypothesized that previous isolates from the Veggie system,
were an ideal starting point for the identification of potential
PGPB as they already have spaceflight history, indicating their
ability to survive the launch process as well as grow in the
spaceflight environment. (Khodadad et al, 2020). These
bacterial isolates from the Veggie production system aboard
the ISS were provided by NASA Kennedy Space Center (KSC)
for study and a subset were screened for the presence of PGPB.
Specifically, we have investigated these microorganisms for
potential PGP functions including siderophore production,
phosphate solubilization, indole production, ACC deaminase
activity, and fungal growth inhibition. Our efforts confirm the
existence of multiple PGPB strains as candidates for further study
for their ability to improve yield and reduce stress on plants
aboard the ISS. We discuss our findings in the context of their
short-term benefits aboard the ISS along with the long-term
potential to the development of bioregenerative life support
systems in off-world sites.

between various

MATERIALS AND METHODS

Maintenance of International Space Station

Isolates

Parameters of the Veggie system are described in (Massa et al.,
2017a). The isolation and identification of the bacterial and fungal
species used in this study were previously reported as well
(Khodadad et al., 2020). From this study a subset of bacteria
and fungi were selected for their evaluation as PGPB. Bacterial
species used in the present study include: Acinetobacter
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genomospecies 3, Bacillus altitudinis, Bacillus amyloliquefaciens,
Bacillus  pseudomycoides, Bacillus pumilus, Bacillus subtilis,

Burkholderia pyrocinnia, Cupriavidus pauculus,
Curtobacterium  flaccumfaciens, —Curtobacterium  pusillum,
Leifsonia aquatica, Methylobacterium rhodinium,
Microbacterium  marytipicum,  Paenibacillus ~ macerans,

Paenibacillus pabuli, Pantoea agglomerans, Paracoccus yeeii,
Pseudomonas  fulva, Ralstonia picketii, Sphingobacterium
multivorum, and Stenotrophomonas rhizophila. Fungal species
used in this study include: Fusarium anthophilum, Aspergillus
sydowii, Aspergillus ustus, and Emericella parvathecia.

Bacterial samples were taken from freezer stocks made using
30% glycerol media maintained at —80°C. Fresh cultures were
maintained on 1.5% solid agar King B media, containing 1.5% (v/
v) glycerol, 20 g/L peptone, 1.15g/L K,HPO, and 1.50 g/L
MgS0O,.7H,0. Fungal samples were maintained on Inhibitory
Mold Agar (IMA) (BBL, Difco, Beckton Dickenson, Franklin
Lakes, NJ). All isolates used were cultured from microbial screens
of Veggie system flight samples. Stocks were streaked every
2 weeks to maintain fresh cultures.

Siderophore Production

Methods for detection of bacterial siderophores were adapted
from Ambrosini and Passaglia (2017). Chrome azurol S dye
solution (CAS) was made by combining, an iron (III) chloride
solution, a chrome azurol S solution, and cetrimonium bromide
solution were combined with a piperazine/HCl buffer, filter
sterilized, then added to 0.2X King B molten agar in a 100 ml/
L ratio.

21 Bacterial isolates were cultured in King B liquid media for
48-72h at 30°C, then pipetted onto four spots on solid assay
plates containing 0.2X King B with CAS. Assay plates were
incubated for 7 days at 30°C, then the orange halos were
measured. Isolates that produced particularly large halos were
redone with one central spot per plate in triplicate.

Phosphate Solubilization

Assessment methods for phosphate solubilization were adapted
from Ambrosini and Passaglia (2017) using GY/tricalcium
phosphate solid medium. GY solid growth medium was
prepared using glucose, yeast extract, and 1.5% agar, then
while molten sterile solutions of K,HPO, and CaCl, were
added just before pouring. The addition of these two solutions
causes insoluble calcium phosphate to precipitate, making the
medium cloudy.

21 Bacterial isolates were cultured in King B liquid media for
48-72h 30°C, then pipetted onto four spots on GY/tricalcium
phosphate solid medium. Plates were incubated for 7 days at 30°C
then observed for growth and zones of clearing.

Fungal Biocontrol

Fungal biocontrol assays were performed on tryptic soy agar
(TSA) (BBL, Difco, Beckton Dickenson, Franklin Lakes, NJ)
plates. Bacterial isolates were cultured in King B liquid media
for 48-72 h before inoculating assay plates. Fungal samples were
prepared by suspending stock isolates into sterile water until an
optical density at 600 nm (ODggo) of 0.1 was reached. A sterile
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swab was used to streak lawns of fungal suspension on TSA plates,
then bacterial samples were pipetted onto 4 spots on the plate.
Plates were allowed to grow for 7days then observed for
interactions. 15 bacterial isolates were assayed for biocontrol
capability against 4 fungal isolates.

Indole Production

Twenty-one bacterial isolates were grown in King B liquid media
supplemented with 2.5mM tryptophan. IAA production is
determined by a spectrophotometric described in Ambrosini
and Passaglia (2017), which wuses Salkowski’s reagent,
containing 0.012 g/ml FeCL; and 7.75M H,S0, to react with
indoles present in the culture solution.

Liquid cultures were incubated for 48-72 h at 30°C. Aliquots
were taken to measure the ODgg of the culture, then centrifuged
for 10 min at 5,400 x g. The supernatant was pipetted off, mixed
with Salkowski’s reagent, then allowed to incubate at room
temperature in the dark for 30 min. Samples were run in
triplicate through a spectrophotometer at 550 nm with a set of
IAA standards ranging from 0 to 250 pg/ml. Sample IAA
concentrations calculated from the standard curve were
normalized to the measured ODgg of the sample to express
the amount of indole produced relative to the final concentration
of bacteria.

ACC Deaminase Activity

The ACC deaminase activity assay uses an indirect method
described in Ambrosini and Passaglia (2017). Bacteria are
grown on Dworkin and Foster (DF) salts solid media,
containing 2% agar, 2 g/L glucose, 2 g/L gluconic acid, 4 g/L
K,HPO,, 6g/L Na,HPO,, 0.2g/L MgS0,7H,0, 2g/L citric
acid, 1mg/L FeSO,.7H,0, 0.01 mg/L H;BO, 0.011 mg/L
MnSO4H,0, 0.12mg/L  ZnSO,7H,0, and 0.008 mg/L
CuS0,4.5H,0. Each isolate is grown on two plates side by side,
on one, an ACC solution is spread over the plate providing a
1 mM concentration of ACC, providing the only source of
nitrogen. The other plate is left as a nitrogen free control.

21 Bacterial isolates were cultured in King B liquid media for
48-72h 30°C. Aliquots were centrifuged at 5,400 x g for 10 min,
the spent media pipetted off, and the bacteria resuspended in
0.85% saline. This rinse step was repeated 3 times, then the final
resuspension pipetted onto three spots on each plate containing
DF salts solid medium with or without ACC. Plates were placed in
an incubator at 30°C for 7 days.

RESULTS

From the previously isolated microbiome samples from the
Veggie crop production system (Khodadad et al., 2020, 21
bacteria were identified (materials and methods for full list)
that were readily culturable under general conditions (30°C
on King B solid media) and remained viable in freezer stocks.
Also selected from these previous microbiome studies were 4
fungal species to be used in the antifungal assessment. These
samples were isolated from leaf tissue, root tissue, or from the
root substrate of the spaceflight Veggie system and are
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therefore likely candidates to have derived from seed-
borne endophytic populations.

Siderophore Production

Siderophores are heavily involved in iron uptake and in doing
so can provide effective competition for nutrient resources.
Excess iron taken up by PGPB can then be passed off to host
plants to improve plant performance. CAS was used to
determine the presence of siderphores in culture. This dye
solution forms a blue dye complex consisting of chrome
azurol S, iron (III), and cetrimonium bromide, which turns
orange when a strong chelator, such as a siderophore,
removes the iron (Ambrosini and Passaglia, 2017). 9 out of
20 tested isolates were able to grow on the media and produce
orange halos including; Acinetobacter genomospecies 3,
Burkholderia pyrocinnia, Cupriavidus pauculus,
Curtobacterium flaccumfaciens, Paenibacillus macerans,
Paenibacillus pabuli, Pantoea agglomerans, Pseudomonas
fulva, and Ralstonia picketii (Table 1). Of these, the 5
isolates B. pyrocinnia, C. flaccumfaciens, P. macerans, P.
agglomerans, and R. picketii exhibit strong siderophore
production, producing large halos with diameters ranging
from 4.47 to 5.87 cm (Figure 1A), compared to the other 4
isolates whose diameters ranged from 0.88 to 1.20cm
(Figure 1B) (Table 1).

Phosphate Solubilization

Phosphate is a crucial nutrient for plants and bacteria that can
easily precipitate out of solution depending on the environmental
pH and geochemical interactions. Certain PGPB are able to
solubilize phosphate to assist with uptake by both the bacteria
and host plant. In this assay bacteria incapable of solubilizing the
calcium phosphate precipitate will be unable to grow, bacteria
that are particularly efficient will develop clear halos around the
colony (Ambrosini and Passaglia, 2017). Out of 20 isolates, 5 were
able to grow including; Bacillus pumilus, B. pyrocinnia, C.
flaccumfaciens, P. macerans, and P. agglomerans (Table 1).
Clear halos developed around colonies of B. pyrocinnia, P.
macerans, and P. agglomerans (Figure 2A) while the media
around B. pumilus and C. flaccumfaciens remained opaque
with no halo (Figure 2B) (Table 1).

Fungal Biocontrol

PGPB can play a crucial role in plant pathogen defense by
providing competition or producing antimicrobial
compounds (Compant et al., 2005). Assessments were
made using a co-culturing assay examining simultaneous
bacterial and fungal growth. Bacterial antifungal properties
were classified on a rating scale from 1 to 4, with 1 being
ineffective and 4 being most effective (Figure 3). Bacteria
rating a 4 developed clear zones around the colony, i.e., no
fungal growth was observed (Figure 3A) while those with a
rating of 3 developed with a zone of reduced fungal growth
around the colony (Figure 3B). In samples with a rating of 2,
bacteria developed with no fungal growth on the colony but
with no effects on the surrounding fungal growth
(Figure 3C). Finally, bacteria with a rating of 1 showed no
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TABLE 1 | Siderophore production; growth and resulting halo diameter on 0.2X King B/CAS media after 1 week of growth. N = 4 for halos under 1.5 cm, N = 3 for halos over
1.5 cm. Phosphate Solubilization; growth and resulting halo diameter on GY/tricalcium phosphate media after 1 week of growth. N = 4 for all samples. Indole production;
results of spectrophotometric assay for indole production. Concentration of IAA is calculated based on a set of standards, expressed in pg/mL. IAA concentration was
normalized to the final ODgg Of the culture to account for slow growing bacteria producing low but significant amounts of indole. ACC deaminase; ACC deaminase indirect
assay rankings. 1 indicates no ACC deaminase activity, 2 indicates mild ACC deaminase activity, 3 indicates strong ACC deaminase activity.

Species Siderophore Phosphate solubilization Indole production ACC deaminase
production
Growth (+/-) Growth (+/-) Halo (+/-) Halo diameter (IAA) (ug/ml) (IAA)/ODggo Ranking
Halo diameter (cm)
(cm)
A. genomospecies 3 +;1.20 + 0.07 - - — 18.46 + 0.13 36.55 + 0.25 3
B. altitudinis - - - - 13.08 + 0.42 27.47 + 0.88 3
B. amyloliquefaciens - - - — 15.85 + 0.58 53.92 + 1.98 3
B. pseudomycoides - + - 0.30 + 0.00 25.09 + 0.13 53.85 + 0.27 X
B. pumilus - - - — 11.10 £ 0.25 31.71 £ 0.72 X
B. subtilis - - - - 26.66 + 0.75 84.64 + 2.39 3
B. pyrocinnia +; 5.87 + 0.45 + + 1.08 + 0.19 10.74 + 0.38 12.82 + 0.45 2
C. pauculus +; 0.88 + 0.08 - - — 15.62 + 0.56 20.68 + 0.75 3
C. flaccumfaciens +; 4.47 £ 0.24 + - 0.38 + 0.04 64.61 + 0.56 203.82 +1.78 1
C. pusillum - - - — 17.65 + 0.63 52.84 + 1.90 1
L. aquatica - - - — 156.50 + 0.55 22.96 + 0.82 1
M. rhodinium - - - — 10.65 + 0.13 64.55 + 0.77 1
M. marytipicum - - - — 21.86 + 0.13 31.97 + 0.19 1
P. macerans +; 4.60 £ 0.47 + + 0.53 + 0.08 22.40 + 0.46 263.56 + 5.38 1
P. pabuli +; 0.90 + 0.07 - - — 2.58 + 0.25 2.98 + 0.29 3
P. agglomerans +; 4.83 £ 0.48 + + 0.85 + 0.09 118.13 + 14.85 309.23 + 38.96 3
P. yeeii - - - — 9.75 + 0.46 19.31 + 0.91 X
P. fulva +; 1.05 + 0.18 - - - 35.41 + 0.91 319.02 + 8.24 1
R. picketii +; 5.80 + 0.08 - - — 11.64 + 0.34 12.47 + 0.36 3
S. multivorum - - - - 45.92 + 0.56 110.64 + 1.36 3
S. rhizophila - - - — 17.83 + 0.83 4413 + 2.06 X

FIGURE 1 | Growth of bacterial isolates on 0.2X King B/CAS assay plates showing examples of (A) a “strong” siderophore producer, Burkholderia pyrrocinia, and
(B) a “weak” siderophore producer, Acinetobacter genomospecies 3. Orange/yellow zones indicate removal of iron from the CAS dye complex.

observable impacts on fungal growth on the plate or the
colony itself (Figure 3D).

The assessment for each combination of bacteria and fungi is
described in Table 2. More than half of the combinations (38/60)
were given a rating of 2 against the fungal species Fusarium
anthophilum, Aspergillus  sydowii, Aspergillus ustus, and

Emericella parvathecia. Only 5/60 combinations were given
rating 1 against the fungi, three of them paired against F.
anthophilum; Leifsonia aquatica, Methylobacterium rhodinum,
and P. agglomerans, as well as M. rhodinum paired against A.
sydowii and E. parvathecia. 13/60 combinations were given rating
3, most notable being Bacillus amyloliquefaciens causing
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ability to solubilize calcium phosphate.

FIGURE 2 | Growth of bacterial isolates on GY/tricalcium phosphate assay plates showing (A) Burkholderia pyrrocinia, capable of developing clear zones around
colonies, and (B) Bacillus pumilus, capable of growing on insoluble phosphate but unable to develop clear zones. Growth and/or development of clear zones indicate

rhodinum on Aspergillus sydowii.

FIGURE 3 | Antifungal assay plates showing examples of (A) Rating 4 growth of Burkholderia pyrrocinia on Emericella parvathecia, (B) Rating 3 growth of
Curtobacterium pusillum on Emericella parvathecia, (C) Rating 2 growth of Ralstonia picketii on Aspergillus sydowii and (D) Rating 1 growth of Methylobacterium

decreased growth effects on all 4 fungal species, and B. pumilus
causing decreased growth effects on all except F. anthophilum.
Other rating 3 combinations include: Curtobacterium pusillum
against A. sydowii and E. parvathecia; B. pyrocinnia, P. fulva, and

Stenotrophomonas rhizophila against A. ustus; and Bacillus
pseudomycoides against A. sydowii. The 4 remaining
combinations were given a rating of 4; B. pyrocinnia exhibited
cleared zones with A. wustus and E. parvathecia, and B.
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TABLE 2| Antifungal assessment resullts of bacterial isolates on four fungal isolates. Rating 4 exhibits zones of no fungal growth around the bacterial colony. Rating 3 bacteria
have zones of reduced fungal growth around the colony. Rating 2 bacteria only prevent fungal growth within the bacterial colony. Rating 1 bacteria are unable to prevent

fungal growth in or around the bacterial colony.

Species F. anthophilum
A. genomospecies 3
B. amyloliquefaciens
B. Pseudomycoides
B. pimilis

B. pyrocinnia

C. pusillum

L. aquatica

M. rhodinum

M. marytipicum

P. pabuli

P. agglomerans

P. yeeii

P. fulva

R. picketii

S. rhizophila

NMNNODNON NN 2NN N

A. sydowii A. ustus E. paravathecia
2 3 2
3 3 3
3 4 4
3 3 3
4 3 4
3 2 3
2 2 2
1 2 1
2 2 2
2 2 2
2 2 2
2 2 2
2 3 2
2 2 2
2 3 2

fulva, showing no improved growth in the presence of ACC.

FIGURE 4 | Growth of bacteria on DF salts medium with 1 mM ACC (left) and nitrogen free (right). (A) Example of rating 3 growth, P. pabuli, showing improved
growth in the presence of ACC. (B) Example of rating 2 growth, B. pyrocinnia, showing mildly improved growth in the presence of ACC. (C) example of rating 1 growth, P.

pseudomycoides exhibited cleared zones on A. sydowii and E.
parvathecia.

Indole Production

Bacterial production of TAA, the most common auxin, can
improve plant growth by stimulating root and stem
elongation. A spectrophotometric assay (Ambrosini and
Passaglia, 2017) determined that most bacterial isolates
produced some amount of indole, typically in the
10-25 pg/ml  range, though P. pabuli produced a

particularly low amount of indole that may be false due to
instrument sensitivity (Table 1). Others produced a
particularly high amount of indole, such as P.
agglomaerans. To account for cultures with low cell
density at time of analysis, calculated indole measurements
were normalized to the ODgq of the culture, creating ratio of
indole concentration to relative cell abundance. This revealed
that C. flaccumfaciens, P. fulva, Sphingobacterium
multivorum, and P. macerans produce more significant
amounts of indole than the raw data would indicate. This
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normalization also confirms that other bacteria, such as P.
pabuli and R. picketii, do not produce notable amounts of
indole.

ACC Deaminase Activity

The plant hormone ethylene is heavily involved in plant stress
response and is responsible for many of the resulting phenotypes
of stress conditions. The precursor molecule to ethylene, ACC,
can be used as a nitrogen source by PGPB, and in doing so, the
bacteria limits the amount of ethylene produced. An indirect
assay was used to detect ACC deaminase based on growth
patterns (Ambrosini and Passaglia, 2017). Isolates were rated
based on differential growth between plates with and without
ACC on a scale of 1-3, with 3 indicating improved growth on
plates with ACC (Figure 4A), 2 indicating mildly improved
growth (Figure 4B), and a 1 indicating poor growth on both
plates (Figure 4C) Bacteria that produce ACC deaminase were
able to grow on the plate with ACC and poorly on the plate
without ACC, whereas bacteria that do not produce ACC
deaminase grew poorly on both. Bacteria that showed growth
unlike these, such as growing well on both, or better on the ACC
free plate, are described as indeterminant. These bacteria are
likely capable of nitrogen fixation and therefore do not depend on
nitrogen in the growth media. Of the 21 isolates examined, 9
species were given a rating of 3, 1 species was given a rating of 2, 4
species a rating of 1, and the remaining isolates were classified and
indeterminant (Table 1).

DISCUSSION

The spaceflight environment has proven to be stressful to plants,
yet long-term operations in deep space depend on successful
plant growth for supplemental life support, food production, and
psychological benefits. The isolation and detection of PGPB with
spaceflight history provides an opportunity to improve plant
growth through the development of a curated microbiome for
the growth of plants aboard the ISS, on the Moon, or another
planet. Using several biochemical and phenotypic assessments of
bacteria isolated from the Veggie crop production system, we
have confirmed the potential for several PGPB to exist in
conjunction with plants grown on the ISS. However it remains
to be seen if these bacteria are indeed capable of encouraging
plant growth within the spaceflight environment. Of the 21
bacterial isolates, 17 were shown to be capable of at least one
plant beneficial function, though most performed 2 to 3 of these
functions. Of those appeared to generate indole, further studies
will need to confirm the presence of IAA, especially those that did
not exhibit other plant growth promoting functions, due to the
assay used being general for all indoles.

These assessments provide a collection of culturable, space
viable PGPB for the selective application to space food
production systems. The selection of microorganisms for
our planned community could be made smaller and more
manageable by the selection of “generalist” PGPB, i.e. those
that perform two or more of the plant-growth promoting
functions evaluated herein. A potential minimal microbiome

PGPB in Space Crop Production

from this set of isolates would consist of just P. agglomerans,
and B. pyrocinnia, both capable of phosphate solubilization,
siderophore production, and ACC deamination. P.
agglomerans also produces indoles while B. pyrocinnia
provides antifungal capabilities.

Both species have been previously studied for plant growth
promotion. Studies have shown that certain strains of P.
agglomerans have nitrogen fixing capabilities, produce not only
IAA, but also the phytohormones abscisic acid, gibberellic acid,
and cytokinins (Feng et al., 2006). Inoculations of rice seedlings
with the species increases overall growth rate and improved
nutrient uptake preventing malnutrition stress (Feng et al,
2006; Jiang et al, 2015) other studies show that P.
agglomerans also has the ability to reduce heavy metal toxicity
(Luziatelli et al., 2020) and provide biocontrol against the plant
pathogen Ralstonia solanacearum (Singh et al., 2020). B.
pyrocinnia is a member of the Burkholderia cepacia complex
and has been investigated for its biocontrol potential against plant
pathogen Rhizoctonia solani via production of the antibiotic
pyrrolnitrin  (Schmidt et al, 2009) and studies on its
siderophores have shown the ability to improve seed
germination, plant size and fruit size (Min et al., 2019).

An inoculated microbiome can also be tailored for specific
functions. ISRU approaches using regolith as a plant growth
substrate on Mars will need to prioritize the acquisition of
mineral nutrients, so the selection of microbes may be
expanded to include C. flaccumfaciens and P. macerans, both
of which solubilize phosphate and produce siderophores.
Hydroponic systems would not require the highly active
nutrient scavenging bacteria, but inoculation with indole
producing, ethylene reducing, and pathogen mediating bacteria
can help increase biomass and yield in hydroponic systems (Lee
and Lee, 2015; Paradiso et al., 2017). Thus, including indole
producing bacteria such as P. fulva and P. macerans, ACC
deaminating bacteria such as P. pabuli and R. picketii, and
antifungal bacteria such as B. pseudomycoides and B.
amyloliquefaciens would improve the robustness and efficiency
of the system.

Ultimately, the selection of the most appropriate PGPB
will be determined by the location of Lunar and Martian
colony sites, as well as the method of plant growth. ISRU
approaches will have to be tailored not just to the planetary
body, but also the specific colony site as locations will vary in
mineralogy, which will also require the development of site
specific regolith simulants important for research in these
systems (Ramkissoon et al., 2019; Fackrell et al., 2021). The
use of siderophore producing or phosphate solubilizing
bacteria will be dependent on the amount of insoluble
nutrients available in the on-site substrate, as well as what
interactions applied fertilizers may have with the geologic
material.

Compounds contained in on-site regolith may also create a
need for plant growth promoting functions not investigated
here, such as remediation of perchlorate compounds found
on the Martian surface (Hecht et al., 2009; Navarro-Gonzalez
et al., 2010). These compounds have the potential to
bioaccumulate in plant tissues (Sanchez et al., 2005) and
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be toxic to Martian colonists (Lawrence et al., 2000), but can
also be a source of breathable oxygen when degraded by
perchlorate reducing bacteria (Carlstrom et al., 2015).

Before implementing these bacteria into food production
systems, each species will need to be validated for use. Further
testing should include in planta studies to confirm that the strains
investigated are plant growth promoting. Certain species
investigated, such as C. flaccumfaciens have variants that are
plant growth promoters (Bulgari et al, 2014) and others that
cause disease such as bacterial wilt (Osdaghi et al., 2020). Species
of interest for food production systems will also need to be screened
for their potential as human pathogens, whether opportunistic or
otherwise to ensure crew safety. However, it should be noted that
the strains analyzed here are already present in the plant growth
systems being tended to by astronauts on the ISS.

As research into BLSS continues, further investigation of
PGPB will be crucial. The ISS has already shown that current
sterilization and sanitization practices have been shown to be
ineffective at preventing opportunistic microorganisms from
infecting plants, and the stress effects caused by the space
environment can be mitigated to improve plant growth and
yield. As crops are selected for space food production systems,
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