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In-space biomanufacturing provides a sustainable solution to facilitate long-
term, self-sufficient human habitation in extraterrestrial environments. How-
ever, its dependence on Earth-supplied feedstocks renders in-space bioma-
nufacturing economically nonviable. Here, we develop a process termed
alternative feedstock-driven in-situ biomanufacturing (AF-ISM) to alleviate
dependence on Earth-based resupply of feedstocks. Specifically, we investi-
gate three alternative feedstocks (AF)—Martian and Lunar regolith, post-
consumer polyethylene terephthalate, and fecal waste—to develop an alter-
native medium for lycopene production using Rhodococcus jostii PET strain S6
(RPET S6). Our results show that RPET S6 could directly utilize regolith
simulant particles as mineral replacements, while the addition of anaerobically
pretreated fecal waste synergistically supported its cell growth. Additionally,
lycopene production using AF under microgravity conditions achieved levels
comparable to those on Earth. Furthermore, an economic analysis shows sig-
nificant lycopene production cost reductions using AF-ISM versus conven-
tional methods. Overall, this work highlights the viability of AF-ISM for in-space
biomanufacturing.

Space exploration plays a pivotal role in expanding our under-
standing of the cosmos, enabling humans to create new oppor-
tunities and inspire the world through discovery. Notably, the
challenges of space exploration often serve as a catalyst for
innovation, driving the development of cutting-edge technologies
that find applications across various industries and ultimately
benefit society as a whole. So far, the enthusiasm for space
exploration, particularly the long-duration human space ventures
(e.g., returning to the Moon, traveling to Mars, and visiting
asteroids), has significantly intensified'. To realize such grand
visions, intensive abiotic approaches for extending human pre-
sence in space have emerged®>.

With the advancement of synthetic biology, microbial bioma-
nufacturing holds excellent potential to establish alternative supply
chains for the cost-effective production of consumable and durable

goods®. This capability, coupled with the microbial adaptive
plasticity’, plays an integral role in developing efficient and sustain-
able life support systems. For instance, microorganisms can self-
replicate and self-sustain with only occasional monitoring and
maintenance, reducing energy demand compared to physicochem-
ical approaches when applied for manufacturing purposes®. Recog-
nition of these advantages has prompted attempts to produce
pharmaceuticals onboard the International Space Station (ISS).
Results demonstrated that under the condition of weightlessness,
microbial production of antibiotics was significantly increased®°.
Although biotechnologies hold great promise to establish a sus-
tainable process for producing consumables with minimal input, an
actionable roadmap for deploying microbial biomanufacturing to
develop self-sufficient life support systems for long-duration and
deep space exploration remains largely unexplored™".
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Space exploration is costly when viewed solely economically, with
returns on investment primarily measured by scientific output®. In situ
resource utilization (ISRU) can significantly minimize the dependence
on initial launch cargo and resupply from Earth, contributing to the
establishment of financially sustainable space exploration
programs”?™", It refers to generating consumables to support human
activities using materials found locally on the planetary bodies™. For
example, efforts have been made to produce Mars-specific rocket
propellant, 2,3-butanediol (2,3-BDO), from CO,, sunlight, and water on
Mars via a biotechnology-enabled in-situ resource utilization (bio-
ISRU) strategy". Regolith-driven ISRU was developed to extract H,O
and O, for life support and/or H, and O, for fuel and propellant from
planetary regolith®'®, Moreover, elements derived from planetary
regolith have also been developed into biological feedstocks for
feeding plants'?°, demonstrating the promising feasibility of utilizing
local materials to support in-space microbial biomanufacturing.

Notably, beyond its promising economic feasibility, in-space
microbial biomanufacturing offers the additional advantage of utiliz-
ing waste streams generated by crew members (referred to as loop-
closure, LC), which is a critical aspect of achieving the self-
sustainability of mission operations. Furthermore, this process can
effectively address the ethical concerns associated with space waste
generation, particularly in long-distance missions”. Numerous initia-
tives are underway to develop high-efficiency systems for recycling or
upcycling biological wastes, including CO,, food waste, and black,
gray, and yellow water?>”, Plastics—known for their high strength and
durability—are widely used in space exploration missions, ranging
from food packaging to components of spacecraft and spacesuits®. It
is estimated that each crew member generates 0.34 kg of plastic waste
per day”, posing a significant challenge for plastic waste management
during human space exploration. Consequently, there is an urgent
need to develop sustainable and effective strategies for managing
plastic waste generated during space exploration. Plastic bio-upcy-
cling, which combines chemical catalysis to convert plastic waste into
microbially metabolizable feedstocks with their subsequent biological
catalysis to produce value-added products, has been developed in
terrestrial environments, offering an attractive path toward a fully
circular plastic economy®**. Even though researchers at the UK Cen-
ter for Astrobiology are exploring if the microbial degradation of
plastics could be leveraged for plastic recycling in space?, the devel-
opment of plastics into feedstocks for in-space microbial biomanu-
facturing remains unexplored.

Another major concern for human space exploration is that, in
extraterrestrial environments, astronauts often experience health pro-
blems, such as bone mineral density and weight loss, muscle atrophy,
and reduced immune function®. Consequently, maintaining healthy
diets for astronauts is crucial for supporting human endeavors. To this
end, NASA has been developing durable foods with additional nutrients
to support astronaut’s health. For instance, lycopene—a bioactive com-
pound beneficial for bone health and cancer prevention—has been
selected as a nutritional additive in several ISS food candidates®. Cur-
rently, for missions aboard ISS, sufficient food and nutrients are available
from initial launch cargo or regular resupplies from Earth®. However, for
long-term human space ventures, such as visiting asteroids and traveling
to and inhabiting Mars, the logistic resupply of life-supporting goods
(e.g., nutrients, pharmaceuticals, and biomaterials) becomes increasingly
challenging due to the vast interplanetary distances®. Although an
engineered yeast platform has been proposed as a versatile alternative
for the cost-effective production of food and nutrients off-world®, this
process still relies on the resupply of essential components from Earth,
including carbon sources, macronutrients, and trace elements. This
dependency compromises its effectiveness in supporting self-sufficient
human travel and habitation through the solar system.

In this study, to address these challenges, we developed a process
termed alternative feedstock-driven in-situ biomanufacturing (AF-ISM)

to produce consumables from alternative feedstocks (i.e., plastic
waste, fecal waste, and regolith), thereby validating the feasibility of
deploying biomanufacturing for self-sufficient life support systems
(Fig. 1). This process employs Rhodococcus jostii PET strain S6 (here-
after RPET S6)*—a lycopene-producing specialist capable of using
poly(ethylene terephthalate) (PET) hydrolysate as the sole carbon
source for sustainable lycopene production—as the microbial plat-
form. We initially tested Lunar or Martian regolith as a mineral source
in the growth medium for RPET Sé6 (due to limited access to actual
regolith, their corresponding simulants were utilized throughout this
study). Next, we optimized the nutrient concentration of permeate
derived from anaerobically pretreated fecal waste to provide nitrogen
and phosphorus for supporting RPET Sé6 proliferation. Finally, we
validated AF-ISM for sustainable lycopene production under the
simulated microgravity condition, using a completely alternative
medium in which conventional components were all replaced with
alternative feedstocks. Our results demonstrated that the lycopene
production level from the AF-ISM process was almost identical to that
achieved on Earth. Furthermore, the production cost is significantly
lower compared with conventional methods. Overall, this study high-
lights the great potential of AF-ISM as an emerging technology to
harness in-situ resources and waste streams for sustainable production
of nutritional additives (i.e., lycopene). Additionally, this bioprocess
can be integrated with other enabling technologies to develop long-
term, self-sufficient life support systems, which are crucial for estab-
lishing settlements on the Moon and Mars, as well as enabling future
deep space exploration.

Results

Testing the acidified Lunar and Martian regolith simulants as
alternative mineral sources

Given the exposure to harsh environments, the microbial chassis
selected for off-world biomanufacturing must have high adaptability
to various stress conditions. Notably, Rhodococcus is distinguished by
its remarkable catabolic versatility and resistance to stressful envir-
onmental conditions, making it a widely studied microbial chassis for
multiple applications, such as steroid transformation, lignin valoriza-
tion, petroleum desulfurization, and oleochemical bioproduction*
We previously identified Rhodococcus jostii PET (RPET) that can
directly use PET hydrolysate as a sole carbon source, enabling its
development into a robust microbial platform (e.g., RPET S6) for
upcycling of PET waste to lycopene via synthetic biology**. Therefore,
we selected and tested the corresponding RPET strain as a candidate
for potential applications in off-world biomanufacturing.

The financial and ethical concerns of space exploration highlight
the significance of ISRU in in-space microbial biomanufacturing tech-
nologies for developing long-term and self-sufficient life support sys-
tems. Minerals are essential for microbes to support their intracellular
metabolism®. In this study, to minimize the dependence on Earth-
sourced minerals for in-space microbial biomanufacturing, we inten-
ded to test Lunar or Martian regolith as a mineral source for sup-
porting RPET Sé6 cell growth. Due to limited access to actual regolith,
we used the corresponding simulants—Lunar physical and chemical
regolith simulant and Martian regolith simulant—throughout this
study. The Lunar physical simulant, Black Point One (BP-1), was chosen
because it is the most representative Lunar regolith simulant, with
physical properties similar to natural Lunar regolith. The Lunar che-
mical simulant, Johnson Space Center One (JSC-1/1 A), was selected for
its chemical composition, which mirrors the soil from the Maria geo-
logical terrain of the Moon*®. Mars Global Simulant (MGS-1) was used
as it serves as a mineralogical standard for basaltic soils on Mars,
developed based on quantitative mineral data from the MSL Curiosity
rover”. Before testing their effectiveness in supporting microbial
growth, we first characterized the chemical compositions of each
regolith simulant. Our results indicated that the chemical
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Fig. 1| Conceptual diagram of the alternative feedstock-driven in-situ bioma-
nufacturing (AF-ISM) for sustainable life support systems in space. In this
process, in-situ resources (e.g., Lunar and Martian regolith), end-of-life materials
(e.g., PET plastic), and human waste (e.g., astronaut fecal waste) can be converted

Biomaterials

into metabolizable substrates to feed microbial chassis for producing consumables
such as food, medicine, and other biomaterials to sustain life support systems. This
figure was created with BioRender.com.

compositions of Lunar and Martian regolith simulants are identical,
but the content of individual elements varied. Interestingly, a com-
parison between the leachates from Lunar physical and chemical
regolith simulants showed that the chemical regolith simulant con-
tained higher or similar concentrations of all elements except calcium
(Supplementary Table 1).

To assess the potential toxicity of the acidified regolith simulant,
we prepared minimal media with varying concentrations of the
simulant and tested its effects on RPET Sé6 cell growth. Specifically,
the media contained regular levels of nitrogen (N) and phosphorus
(P), equimolar mixtures of terephthalic acid (TPA) disodium salt and
ethylene glycol (EG) as carbon sources, and varying concentrations
of the acidified regolith simulant solutions (ranging from 0.5 g/L to
8.0g/L). As expected, cell growth defect was observed when no
minerals were supplied in the minimal medium (Fig. 2a), suggesting
the essential role of minerals in supporting microbial cell growth*’.
Notably, our results showed that RPET S6 was sensitive to the acid-
ified Lunar physical regolith simulant, with severe cell growth inhi-
bition observed at concentrations exceeding 1.0 g/L. By contrast, no
significant inhibition was observed with the acidified Lunar chemical
regolith simulant or Martian regolith simulant until their con-
centrations increased to 4.0 g/L (Fig. 2a). Additionally, the induc-
tively coupled plasma (ICP) and ion chromatography analyses
revealed significant decrease in magnesium (Mg), calcium (Ca), iron
(Fe), and manganese (Mn) concentrations after cultivation, con-
firming the successful uptake of regolith simulant-derived minerals
by RPET S6 (Supplementary Table 2).

Given the limited resources during space exploration, we reduced
the usage of N and P for growing RPET Sé6. Each acidified regolith
simulant was provided at its optimal concentration in the minimal
medium with identical levels of carbon source while varying the con-
centrations of N and P. Our results demonstrated that reducing N and P
concentrations to half of those did not result in cell growth deficiencies
(Fig. 2b-d). However, when N and P were reduced to 0.1-fold of the
levels in the regular medium, significant cell growth deficiency was
observed, particularly severe when using the acidified Martian regolith
simulant as the mineral source (Fig. 2b-d). Taken together, our results
confirmed that both Lunar and Martian regolith could be used as
mineral sources to support microbial cell growth, adhering to the
principle of ISRU.

Developing regolith simulant particles as a mineral source

In contrast to the utilization of acidified regolith, it would be more
economical to use regolith particles to sustain microbial proliferation
directly. In the minimal medium supplied with all nutrients except
trace minerals, our results revealed that RPET S6 could use either
Lunar physical or Martian regolith simulant particles with nearly
identical cell growth observed when the particle concentrations were
kept below 5.0g/L (Supplementary Fig. 1). However, a significant
inhibitory effect was detected when the regolith concentrations are at
or exceeded 10.0 g/L (Supplementary Fig. 1). Subsequently, we tested
RPET S6 in the minimal medium supplied with mimicked PET hydro-
lysate as a carbon source, regolith simulant particles as a mineral
source, and varying concentrations of N and P. Interestingly, a
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Fig. 2 | Acidified regolith simulant utilization by RPET. a Evaluating the toxicity
of acidified Lunar physical (Phys.) and chemical (Chem.) regolith simulant, and
Martian regolith simulant (note: error bars of some data points were too small to be
shown). RPET S6 was inoculated into the minimal medium with identical nitrogen,
phosphorus, and carbon sources and varying concentrations of acidified regolith
simulants (ranging from 0.5 g/L to 8.0 g/L). b-d Minimizing N and P levels in the
minimal medium when using either acidified Lunar physical regolith simulant (b),
Lunar chemical regolith simulant (c), or Martian regolith simulant (d) as a mineral
source. RPET Sé6 cultivated in the minimal medium without acidified regolith
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simulant represents negative control ((-) control), while cultivation in regular
minimal medium represents the positive control ((+) control). The variations in the
changes of final cell density (OD¢oo) wWere analyzed by using an unpaired two-tailed
t-test. The 95% confidence interval for the difference between means of 0.5x N, 0.5x
P w/ Sim, and negative controls for Lunar physical, chemical, and Martian regolith
simulants are 2.04 to 2.38, 2.14 to 2.4, and 2.21 to 2.46, respectively. All values
represent the mean of triplicate cultures (V= 3), with error bars depicting the
standard deviation. w/ Sim, with regolith simulant; w/o Sim, without regolith
simulant. Source data are provided as a Source Data file.
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moderate decrease in cell growth was observed when RPET S6 was
cultivated in the medium supplemented with 1.0 g/L Lunar regolith
simulant particles and reduced N and P sources (Fig. 3a). In contrast,
no inhibition was observed with Martian regolith simulant parti-
cles (Fig. 3b).

Given the significant cell growth, we next aimed to uncover the
underlying molecular mechanism by which RPET directly utilizes

45
20 (degrees)

regolith simulant particles to support its growth. Even though sig-
nificant mineral leaching from regolith simulant particles was
observed in the no-inoculation control medium, certain elements were
absent under the specific conditions (i.e., no Mg, K, or Mn leached
from the Lunar regolith simulant, and no Mg from the Martian regolith
simulant) (Supplementary Table 3). This suggested that mineral
absorption during RPET Sé6 cultivation may result from a combinatorial
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Fig. 3 | Using regolith simulant particles as a mineral source for RPET cell
growth. a, b The minimum levels of nitrogen and phosphorus sources in the
minimal medium were determined using either 1g/L of Lunar (a) or Martian (b)
regolith simulant particle as the mineral source. RPET Strain Sé cultivated in the
minimal medium without regolith simulant represents the negative control ((-)
control), while cultivation in a regular minimal medium represents the positive
control ((+) control). In all conditions, mimicked PET hydrolysate was supplied as a
carbon source. The variations in the changes of final cell density (ODgg0) wWere
analyzed by using an unpaired two-tailed t-test. The 95% confidence interval for the
difference between means of 1x N, 0.5x P w/ Sim, and negative controls for Lunar
and Martian regolith simulants are 1.29 to 1.46 and 2.01 to 3.04, respectively. All

values represent the mean of triplicate cultures (N=3), with error bars depicting
the standard deviation from that mean. Abbreviations: w/ Sim, with regolith
simulant; w/o Sim, without regolith simulant. ¢ Fourier-transform infrared spec-
troscopy analysis to compare the chemical bond changes on the surface of the
regolith particles (left panel, Lunar regolith; right panel, Martian regolith).

d Comparing the surface changes of the regolith particles before and after RPET
cell growth through Scanning Electron Microscopy analysis (left panel, Lunar
regolith; right panel, Martian regolith). Images are representative of N=3 inde-
pendent experiments. € XRD analysis to compare the crystalline structure change
of the regolith particles before and after RPET cell growth (left panel, Lunar rego-
lith; right panel, Martian regolith). Source data are provided as a Source Data file.

process. Notably, bioleaching—the interaction between minerals and
microbes facilitated by the flow of energy and exchange of matters—
affects the dissolution, transformation, and formation of minerals*’, a
mechanism utilized by microbes to extract elements from soil to
support their growth’*, Therefore, we hypothesized that the restored
cell growth in the minimal medium with regolith simulant particles as a
mineral source could also be attributed to the biological weathering
process. To validate this hypothesis, Fourier Transform-Infrared (FT-
IR) Spectroscopy analysis was applied to examine the bonding struc-
ture changes on the regolith simulant particle surface before and after
RPET S6 cultivation®’. As shown in Fig. 3¢, various characteristic peaks
were observed after cell cultivation regardless of the regolith simulant
type. Among them, the new peak appeared at 2900-2850 cm’, cor-
responding to the lipids stretching of -CHz and —CH, vibration, indi-
cating the presence of lipids on the surface of the particles™.
Additionally, the absorption peaks at 1650 and 1550 cm® can be
assigned to the amide I and amide Il bands, respectively®. The amide I
band is attributed to the stretching of protein-related amide C=0,
while the amide Il band is ascribed to the bending of amide N-H*.
These results demonstrated that RPET Sé6 could secrete protein-type
extracellular polymeric substances on particle surfaces.

Moreover, Scanning Electron Microscopy (SEM) revealed that
RPET Sé6 cells aggregated on the surface of the ore during cultivation
(Fig. 3d), facilitating chemical element leaching from regolith particles.
The X-ray Diffraction (XRD) analysis further confirmed the crystallinity
changes of the particles by consuming the chemical elements. Our
results showed that, after cultivation, in the (Ca, Na)(Al, Si),Og content,
both Lunar and Martian regolith simulant particles exhibited signal
intensity decreases of 52% and 47%, respectively (Fig. 3e). Moreover,
CaCO3 consumption was only detected in Lunar regolith simulant,
while Mg,SiO4 and Mg; sFe,SiO4 consumption was detected in Mar-
tian regolith simulant (Fig. 3e).

Producing lycopene in the semi-alternative medium

After validating the feasibility of using regolith simulant particles as a
mineral source for RPET S6 growth, we sought to produce lycopene in
the semi-alternative medium, which consists of mimicked PET hydro-
lysate as a carbon source, regolith simulant particles as a mineral
source, and regular N and P sources. Although the cell growth of RPET
S6 was inhibited when cultivated in the semi-alternative medium with
Lunar physical regolith simulant (Fig. 4a), lycopene production was
nearly identical to that of the positive control (Fig. 4b). For Martian
regolith, RPET S6 demonstrated comparable cell growth cultivated in
either the semi-alternative medium or the regular medium (Fig. 4a).
Interestingly, however, the lycopene production was enhanced in
Martian regolith-based semi-alternative medium (Fig. 4b).

To exclude the effect of the particle itself, we tested the lycopene
production in RPET S6 when cultivated in the minimal medium sup-
plied with acidified regolith simulants as a mineral source. Strain
growth in the semi-alternative medium, with either acidified Lunar
physical regolith simulant or Martian regolith simulant, was almost
comparable to that of the positive control (Fig. 4c). Notably, the sub-
sequent lycopene production assay showed that using acidified

regolith simulant as the mineral source could significantly improve
lycopene production compared to the positive control. Additionally,
no apparent difference in lycopene production was observed between
the two acidified regolith simulants (Fig. 4d).

Developing a complete AF medium for lycopene production
Inefficient human waste management poses an enormous challenge,
particularly in long-duration space exploration. Currently, aboard ISS,
human waste is ejected from the station to burn up in the Earth’s
atmosphere after being completely stabilized and dried®. This method
is not feasible as missions expand. To address the sustainability con-
cerns, we wanted to test the feasibility of utilizing treated human fecal
waste as an alternative feedstock for in-space microbial biomanu-
facturing, as it contains essential nutrients, such as N and P, for
microbes. Previously, an anaerobic membrane bioreactor (AnMBR) was
developed in collaboration between the University of South Florida
(USF) and the Kennedy Space Center (KSC) to treat and recover
resources from organic wastes (Fig. 5a), serving as a bioregenerative
life support system for early Lunar and Martian base habitats®. This
prototype, called the Organic Processor Assembly (OPA), was operated
for 436 days at USF, processing progressively higher solids inputs
(increasing from 1% to 3% and 5%), and included two successful dor-
mancy periods—lasting 54 and 147 days—to evaluate the system’s sta-
bility and reliability**. Moreover, in accordance with the Life Support
Baseline Values and Assumptions Document (BVAD)*, about 2.5L
human waste per day (calculated based on a nominal crew size of four
healthy members)—equivalent to 0.132 kg/CM-day of fecal waste plus
0.5kg/CM-day of flush water—can be completely processed by the
OPA, yielding 2.5L/day of effluent (permeate). Due to the safety and
handling concerns of testing actual human fecal waste, simulated or
animal waste is recommended for validating the proof-of-concept
under lab conditions®™. Consequently, in our study, canine waste
was chosen as a substitute for human fecal waste. Following AnMBR
treatment, compositional analysis of the resulting permeate revealed
high concentrations of N and P, reaching up to approximately 392 mg/L
and 54 mg/L, respectively (Fig. 5b). Meanwhile, the existence of metal
ions (i.e., Na*, K*, Mg*, and Ca*) and even some unknown organic
carbon sources could also benefit microbial cell growth (Fig. 5b).

We intended to utilize this permeate as a nutrient substitution,
specifically for N and P, to develop a complete AF medium. In an effort
to overcome the potential toxicity of the permeate to RPET S6, we first
tested its cell growth in the media supplemented with permeate at
various dilution factors (0, 0.2, 0.4, 0.6, 0.8, 1.0-fold). Our results
showed that RPET S6 exhibited no significant cell growth when culti-
vated in the medium supplemented with only equimolar mixtures of
TPA and EG as the carbon source, while the addition of 0.2-fold diluted
permeate restored cell growth, emphasizing the essential role of
nutrients in the permeate in supporting the metabolism of RPET S6
(Supplementary Fig. 2). Intriguingly, severe cell growth inhibition was
observed in RPET S6 when the permeate dilution factor exceeded 0.4,
possibly due to the toxicity of nitrite present in the permeate (Fig. 5b).

A ‘synergistic effect’ in a microbial growth medium usually occurs
when components interact to enhance microbial growth beyond what
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Fig. 4 | Producing lycopene in the semi-alternative medium. a Cell growth of
RPET Strain S6 when cultivated in the semi-alternative medium with either Lunar or
Martian regolith simulant particles as a mineral source. At each time point, a 200 pL
sample of the culture was taken to measure the cell density (ODgg0). b Lycopene
production assay for the RPET Strain S6 cultivated in different media, as indicated
in (a). Cells were harvested at the end of the fermentation and then lyophilized
before being subjected to lycopene assay. ¢ Cell growth of RPET Strain S6 when
cultivated in the semi-alternative medium with either acidified Lunar or Martian
regolith simulant as a mineral source. At each time point, a 200 pL sample of the
culture was taken to measure the cell density (ODggo). d Lycopene production assay
for the RPET S6 cultivated in different media, as indicated in (c). Cells were

Martian regolith
(+) control

(+) control

0.8- p=0.002
-
S 0.6
E
2 0.4 al2
8
o
S 0.24
|
0.0 T I 1 |
L o
oe @ o@ x\o
4\\ ‘(\Aa" &'b \C
‘Q @0
2
Q
O
d
0.8- p=0.0147
: 1
~ p=0.001
S 0.6
E
2 0.4+
[<}]
Q.
o
$ 0.2
-
0.0 T T T T
& o
< ‘0 *0 \0
regolith 4\\0 *e' &00 X
s W
Q&
O

harvested at the end of the fermentation and then lyophilized before being sub-
jected to lycopene assay. RPET Sé6 cultivated in a regular minimal medium repre-
sents the positive control ((+) control). w/o regolith represents the RPET S6
cultivated in the minimal medium without minerals. In all the conditions, mimicked
PET hydrolysate was supplied as a carbon source. The variations in the changes of
the lycopene production were analyzed using an unpaired two-tailed ¢-test. The 95%
confidence interval for the difference between means of particle and acidified
Martian regolith simulant containing medium and positive control are -0.34 to
-0.15 and -0.2 to -0.1, respectively. All values represent the mean of triplicate
cultures (N =3), with error bars depicting the standard deviation from that mean.
Source data are provided as a Source Data file.
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Fig. 5 | Developing a completely alternative medium for producing lycopene.
a Schematic diagram of fecal waste treatment using AnMBR. The resulting solution
(permeate) was supposed to contain N and P sources. b Compositional analysis of
AnMBR permeate using ion chromatography. ¢ Extensive factorial experiment to
optimize the concentrations of both regolith and permeate in the AF medium. RPET
S6 was inoculated into the minimal medium with an identical concentration of
carbon source but varying regolith and permeate concentrations. d Testing the
RPET cell growth in the AF medium with varying carbon concentrations. RPET S6
was cultivated in the appropriate minimal media supplemented with TPA and EG at
concentrations ranging from 5 mM to 50 mM each. e Comparison of lycopene
production by RPET S6 in the AF medium versus a regular minimal medium. RPET
S6 cultivated in the regular minimal medium represents the positive control ((+)
control). The assay utilized 50 mM each of TPA and EG as the carbon source. The
variations in lycopene production changes were analyzed using an unpaired two-

tailed t-test. The 95% confidence interval for the difference between means of
Martian regolith simulant-based medium and positive control is 0.01 to 0.17.

f Scalability test of RPET S6 in the Martian regolith simulant-based AF medium
supplemented with 40% permeate and S0 mM each of TPA and EG. Both cell growth
(left panel) and lycopene production (right panel) were measured for comparison.
Scaling up was conducted in a large flask (2-liter), and a small-scale fermentation
was used as a control. At each time point, a 200 pL sample of the culture was taken
to measure the cell density (ODgoo). After fermentation, 5 mL of cells were har-
vested for lycopene assay. The variations in lycopene production changes were
analyzed using an unpaired two-tailed t-test. The 95% confidence interval for the
difference between means of small- and large-scale is 0.45 to 0.62. All values
represent the mean of triplicate cultures (N =3), with error bars depicting the
standard deviation from that mean. Source data are provided as a Source Data file.
Figure 5a was created with Biorender.com.
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each could achieve individually, creating a more favorable environ-
ment for cell proliferation®”. Therefore, in our study, an extensive
factorial experiment was conducted to evaluate the performance of
the AF media prepared with different concentration combinations of
regolith and permeate, with the goal of optimizing the formulation of
the complete AF medium. Interestingly, our results showed that the
addition of either Lunar or Martian regolith could restore the cell
growth of RPET Sé6 in the medium, even at a permeate dilution factor
greater than 0.2 (Fig. 5c). Additionally, when both regolith simulant
concentrations were below 1.0 g/L (regardless of variations within this
range), increasing the permeate dilution factor above 0.4 resulted in
decreased final cell density (Fig. 5c). Furthermore, for the Martian
regolith simulant, concentrations above 1.0 g/L were toxic to RPET cell
growth under the 0.4-fold permeate condition (Fig. 5¢). Intriguingly,
however, a similar phenomenon was not observed at higher con-
centrations of the Lunar regolith simulant with permeate dilution
factor set at 0.6 (Fig. 5c). Altogether, these results suggest a synergistic
effect between regolith and permeate in supporting RPET growth,
highlighting the importance of extensive factorial experiments in
optimizing the formulation of the alternative feedstock medium to
support microbial metabolism for sustainable biomanufacturing
applications.

In addition to the supporting effects of the nutrients derived from
permeate and regolith, carbon concentrations in the AF medium also
play a critical role in determining the cell biomass accumulation and,
ultimately, lycopene production. Despite the variability of Lunar
regolith in supporting RPET cell growth, both regolith simulants were
used at 1.0 g/L, and the permeate dilution factor was set at 0.4 for the
subsequent carbon effect analysis. Our results showed that increasing
the concentrations of TPA and EG (from 5 mM each to 50 mM each) led
to arelatively higher final cell density (Fig. 5d). Nevertheless, under the
Lunar regolith condition, RPET Sé cell growth significantly declined
when the carbon concentration increased to 50 mM each (Fig. 5d),
opening an interesting research avenue to explore the underlying
mechanism of the carbon toxicity to RPET S6 in this type of AF
medium.

Subsequently, we applied Human Exploration of Mars Design
Reference Architecture 5.0 (DRA 5.0)°° as the reference mission
architecture to assess the feasibility of using AF medium for lycopene
production. Specifically, RPET S6 was cultivated in either regular
minimal medium or the corresponding AF medium (containing 1.0 g/L
Martian regolith simulant and 0.4-fold diluted permeate) supplied with
identical mimicked PET hydrolysate (50 mM each TPA and EG) as the
carbon source. The subsequent assay revealed that lycopene produc-
tion by RPET S6 in the AF medium was comparable to that in the
positive control medium (Fig. 5e). Furthermore, we scaled up the fer-
mentation to a large flask (2-liter) to assess the scalability of the pro-
cess we developed. Our results showed that in the large-volume
fermentation, RPET Sé6 rapidly entered the exponential phase, with
significantly higher final cell density (ODgg0) and lycopene production,
compared to those obtained from small-scale tests (Fig. 5f). Moreover,
the production level of lycopene was comparable with those reported
in the literature when using alternative feedstocks as the carbon
source (Supplementary Table. 4). Overall, these findings demonstrated
that the complete AF medium can effectively facilitate sustainable
lycopene bioproduction by RPET S6 within the mission architecture of
DRA 5.0.

Establishing alternative feedstock-driven in-situ biomanu-
facturing (AF-ISM) for in-space lycopene production

Compared to the Earth, space has unique environmental character-
istics, including zero oxygen, microgravity, temperature fluctuations,
and high radiation levels®.. Undoubtedly, exposure to these stresses
can severely disrupt the intracellular metabolism of living organisms,
ultimately affecting the reproducibility of in-space biomanufacturing

in the complex space environment. Although microbial fermentation
can be conducted in a sealed, well-controlled bioreactor to protect the
microbial organisms from shortage of oxygen, temperature fluctua-
tions, and high radiation levels®?, the challenge of gravity difference
remains difficult to overcome in off-world conditions. Moreover, it has
been reported that gravity difference is one of the most significant
factors affecting microbial cell growth and metabolism®’.

To demonstrate the proof-of-concept for in-space biomanu-
facturing, we developed a process termed alternative feedstock-driven
in-situ biomanufacturing (AF-ISM) that validates the feasibility of
lycopene production by RPET Sé6 using the AF medium under simu-
lated microgravity conditions. Specifically, we first created the low
shear modeled microgravity (LSMMG) using the High Aspect Ratio
Vessels (HARVs) to simulate the microgravity condition (Fig. 6a). Then,
RPET S6 was inoculated in the complete AF medium and cultivated in
the simulated in-space condition for six days. Meanwhile, this strain
cultivated in the Earth’s gravity condition with the identical growth
medium and vessel was used as a positive control. Our morphological
comparison showed that cells cultivated in the simulated microgravity
condition aggregated together, which is dramatically different from
the cells cultivated in the Earth condition (Fig. 6b). More intriguingly,
despite the incomplete consumption of the carbon source, cells cul-
tivated in the simulated microgravity condition gave nearly identical
lycopene production compared to that of the strain cultivated in the
Earth condition (Fig. 6¢, d). Taken together, our results revealed that
AF-ISM could be a promising technology to facilitate the development
of along-term, self-sufficient life support system for space exploration.

Economic assessment of AF-ISM-based lycopene production
within the mission architecture of DRA 5.0

The urgent need for developing ISRU to produce food, medicine, and
oxygen to sustain humans on a long-term mission imposes critical
ECLSS (Environmental Control and Life Support System) feasibility
constraints®*. Notably, one of the key objectives of DRA 5.0 emphasizes
that the Mars Human Habitability ISRU should address human health,
environmental characterization, environmental hazard mitigation, and
Mars resource utilization®. In this study, we successfully produced
lycopene from PET waste and in-situ resources (e.g., Martian regolith)
using RPET Sé6, aligned directly with the objective of DRA 5.0. It has
been reported that techno-economic analysis (TEA) is a valuable tool
for estimating the economic performance of biomanufacturing pro-
cesses and plays a crucial role in developing economically viable bio-
chemical production technologies®. To demonstrate the economic
feasibility of the AF-ISM-based lycopene production process is super-
ior to that of the conventional biomanufacturing process in supporting
crewed missions on Mars, we used Equivalent Systems Mass (ESM) to
quantitively compare the specific attributes of AF-ISM with those of the
conventional process reliant on regular logistical supplies from Earth
(Fig. 7a). This is because ESM is an efficient method for evaluating the
overall mass impact of a system by converting non-mass parameters,
such as volume, power consumption, or crew time, into an equivalent
mass value, providing a single, comparable metric for assessing dif-
ferent systems employed in space exploration®.

In this study, to simplify the calculation, we assume a one-time trip
to Mars for a long-term surface operation mission with four healthy
crew members (-180 days out to Mars and ~500 days on its surface).
We further assume that the habitat assemblies and in-situ resource
utilization hardware for biomanufacturing have been launched from
Earth and assembled at the mission site. Foundational data—including
the required values of the system and equivalency factors (Supple-
mentary Table 5)—were obtained from the literature for ESM
analysis?*®. In the conventional medium scenario, all chemical com-
ponents for lycopene bioproduction, except water, are supplied from
Earth, whereas in the AF medium scenario, all feedstocks are sourced
from the space environment. Our detailed analysis revealed that using
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Fig. 6 | Validating AF-ISM for in-space biomanufacturing. a Schematic diagram
of AF-ISM. The low shear modeled microgravity was created using the High Aspect
Ratio Vessels (HARVs) system. RPET Strain S6 was inoculated into the completely
alternative medium and cultivated in the simulated microgravity condition for
evaluating AF-ISM in in-space biomanufacturing. b Morphological analysis of the
RPET Strain S6 cultivated in either Earth or simulated microgravity conditions.
Images are representative of N =2 independent experiments. ¢ Consumption of
TPA and EG by RPET Strain S6 when cultivated in a completely alternative medium
under microgravity conditions. At each time point, a 200 pL sample of the culture

was taken to measure substrate concentrations. The cell suspension was cen-
trifuged, and concentrations of TPA and EG were determined by HPLC.

d Comparison of the lycopene production by RPET S6 when cultivated under either
Earth or microgravity conditions. The variations in the changes in lycopene pro-
duction were analyzed using an unpaired two-tailed t-test. The 95% confidence
interval for the difference between means of Earth gravity (3 days) and microgravity
(6 days) is —0.09 to 0.01. All values represent the mean of triplicate cultures (N=3),
with error bars depicting the standard deviation from that mean. Source data are
provided as a Source Data file. Figure 6a was created with Biorender.com.

the AF medium for lycopene biomanufacturing resulted in a sig-
nificantly lower ESM (Fig. 7b). Take together, these findings suggest
that the AF-ISM process holds great potential as a practical platform
for improving the sustainability and economy of Mars exploration.
Moreover, with advancements in synthetic biology, we can envision
that by exploiting the metabolic versatility of the microbial chassis
deployed in in-space biomanufacturing, the economic feasibility of
supplying food, energy, and materials for long-duration Mars
exploration could be further enhanced through AF-ISM.

Discussion

Long-duration space exploration and potential settlements on other
planets require innovative technologies to enable independence from
terrestrial resources. In this study, we developed AF-ISM for sustain-
ably producing consumable goods by effectively utilizing in-situ
resources (i.e., regolith) and reclaiming resources from waste
streams (i.e., waste plastic and fecal waste), emerging as a potentially
pivotal technology for building long-term, self-sufficient life support
systems for space exploration. In this bioprocess, all the nutrients
essential for microbial biomanufacturing can be sourced from the in-
situ resources and waste streams, thereby eliminating the dependence

on the resupply missions from Earth. In addition, we experimentally
validated AF-ISM by producing lycopene—a food supplement—in a
completely alternative medium under the simulated microgravity
condition, demonstrating a strong economic feasibility. Overall, this
proof-of-concept highlights AF-ISM as a promising approach for
enabling long-duration and deep space exploration.

Even though metal elements are necessary nutrients for living
organisms, some are also toxic and growth-limiting reagents, parti-
cularly the heavy metal ions*’*°, Therefore, understanding the quali-
tative and quantitative compositions of the regolith plays a pivotal role
in developing it into an alternative feedstock for microbial biomanu-
facturing. One interesting finding from our study is that although the
elemental contents of the Lunar chemical and physical regolith simu-
lants are nearly identical, their effectiveness in supporting RPET Sé6 cell
growth is dramatically different (Fig. 2a). Additionally, it has been
reported that calcium homeostasis is crucial for bacterial cell
stability®’. Bacteria have evolved a precise regulatory mechanism to
efflux intracellular calcium and maintain homeostasis efficiently. When
excessive free calcium ions accumulate near the cells, this balance
would be disrupted, leading to irreversible cellular toxicity®” 5,
Therefore, we hypothesized that the low tolerance of RPET S6 to the
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values of the system and equivalency factors for ESM calculation are provided in

Supplementary Table 5. Details of the ESM calculation can be found in the Method
section. An example calculation can be found in Supplementary Method 1. Source
data are provided as a Source Data file. Figure 7a was created with Biorender.com.

Lunar physical simulant might be due to calcium toxicity, as its con-
centration in the Lunar physical simulant is approximately 2-fold
higher than that in the Lunar chemical simulant (Supplementary
Table 1). Our subsequent metal toxicity test for Ca, Mg, Fe, Al, Cr, and
Ti revealed no significant inhibition of RPET S6 cell growth with the
addition of extra metal ions, except for calcium (Supplementary Fig. 3),
validating our hypothesis to some extent. Overall, our results thereby
underscore the necessity of testing the regolith sourced from different
locations on the surfaces of the Moon and Mars, as the composition of
either Lunar or Martian soil varies between these locations™.

In this study, we demonstrate the feasibility of directly using
regolith particles as a mineral replacement for microbial biomanu-
facturing, which holds great promise for making in-space biomanu-
facturing more economically viable. Although detailed control
experiments determined that minerals could be leached from the
regolith particles by their physical interactions with medium (Sup-
plementary Table 3), our preliminary test of the regolith simulant
utilization by model industrial hosts, including Escherichia coli and
Saccharomyces cerevisiae, showed that neither species could experi-
ence growth support by the regolith simulant (Supplementary Fig. 4).
These results suggested that the RPET strain possesses a unique ability
to extract minerals from regolith particles. Unlike other species, it has
been reported that the key mechanism for mineral degradation by
RPET S6 is acidolysis®®. Rhodococcus species are known to secrete
organic acids derived from the TCA cycle, particularly when using
aromatics as the carbon source’. Additionally, through their
phosphate-solubilizing activity, other types of organic acids, such as
gluconic acid, could be excreted by Rhodococcus species”. These
metabolic features suggest that RPET S6 may be able to degrade the
regolith simulant particles by secreting organic acids. Moreover,
because of RPET Sé6’s ability to biosynthesize and secrete chelating
molecules, such as siderophores’, we thereby hypothesized that this
could also promote the dissolution of regolith simulant particles by
forming inner-sphere complexes at the mineral surface®”>. In addition
to acidolysis reactions, previous studies have reported that micro-
organisms can form biofilms at the fluid-mineral interface, creating a
favorable microenvironment that protects themselves against envir-
onmental fluctuations’. This characteristic also impacts the biological
weathering process of the mineral®. Our FT-IR analysis confirmed that

RPET S6 could secrete extracellular polymeric substances (i.e., pro-
teins) (Fig. 3¢), which can assist the RPET Sé6 cells to attach to the
surface of the regolith simulant particles. SEM imaging analysis
(Fig. 3d) also confirmed this interaction between bacteria and regolith
simulant particles. Furthermore, the rough and angular characteristics
of the regolith simulant particle surface could facilitate the attachment
of RPET Sé6 cells during growth. Taken together, our results demon-
strate that leaching elements from regolith simulant particles to sup-
port RPET S6 cell growth is mediated through a combinatorial
biochemical process.

The lycopene production assay for RPET S6, when cultivated in
the minimal medium supplied with the regolith simulant or its parti-
cles, showed significant improvement compared to the positive con-
trol (Fig. 4). This suggests that replacing trace elements with regolith
simulant-derived minerals in the growth medium may benefit lycopene
biosynthesis in RPET Sé. In our study, we found that the total con-
centration of metal ions was 12 to 17 mg/L when using the acidified
regolith simulant as the trace element replacement, which is
approximately 19.7- to 28.3-fold higher than that of the regular minimal
medium (-0.58 mg/L of total metal ions). Previous studies have shown
that oxidative stress caused by the addition of excess metal ions can
enhance the production of antioxidant compounds, such as
carotenoids”. Therefore, we hypothesized that the oxidative stress
caused by the high concentration of metals in the AF medium is likely a
major factor in enhancing lycopene production in RPET Sé6. Addition-
ally, we have identified that in RPET S6, the Methylerythritol
4-phosphate (MEP) pathway is responsible for supplying the two pre-
cursors, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP), for terpenoid biosynthesis®. Within this pathway, 1-Deoxy-d-
xylulose-5-phosphate reductoisomerase (DXR) is a key enzyme that
utilizes NADPH and divalent cation, either Mg® or Mn*, as
cofactors’®””. Studies have also shown that binding with Mn?* results in
higher enzymatic activity and stability of DXR’®, potentially redirecting
more carbon flux toward the carotenoid biosynthetic pathway. Intri-
guingly, RPET S6 produced nearly identical levels of lycopene when
cultivated in the regular minimal medium regardless of the presence or
increase in Mn?* concentrations (Supplementary Fig. 5). These results
indicate that the native MEP pathway in RPET S6 has a low dependency
on specific divalent cations to maintain its activity, suggesting that

Nature Communications | (2025)16:728


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56088-2

RPET S6 could serve as a promising and robust chassis for in-space
biomanufacturing applications. Moreover, the underlying molecular
mechanisms by which the specific metal ions, as well as the oxidative
stress, influence the carbon flux toward the carotenoid biosynthetic
pathway in RPET Sé6 still need to be thoroughly investigated.

The successful evaluation of the regolith simulant performance
led to the development of a completely alternative medium by repla-
cing macronutrient sources with the AnMBR permeate (Fig. 5). Testing
tolerance of RPET S6 cells to the permeate helped determine its
optimal dosage for cell growth in the absence of regolith (Supple-
mentary Fig. 2). This effort also revealed toxicity associated with the
complex matrix of the fecal waste, particularly at high dilution factors.
Notably, the compositional analysis of the permeate revealed a sig-
nificant amount of nitrite (ammonium:nitrite = 4.7:1) accumulated
(likely due to partial nitrification), which may be the primary factor
contributing to cell growth inhibition in RPET S6. Interestingly, the
addition of the regolith simulant enhanced RPET Sé’s tolerance to
permeate toxicity (Fig. 5c). One possible explanation for this observed
synergistic effect is the high content of Mn in the regolith, as Mn has
been identified as a key element in mitigating nitrite inhibition by
catalyzing nitrite oxidation into (nontoxic) nitrate under physiological
conditions and by influencing processes involving reactive oxygen
species (ROS)”. In addition, the long-term stability test of the RPET
S6 strain in the AF medium showed that the final cell density of the
strain remained unchanged even after 28 days of subculture, while the
final lycopene production was decreased slightly (Supplementary
Fig. 6). Since no significant cell growth difference was observed, we
hypothesized that the slight reduction in lycopene production may be
due to the loss of the lycopene producing plasmid, likely resulting
from the inherent metabolic burden of maintaining self-replicating
plasmids in the RPET strain®**,

Beyond Earth, the utilization of the developed medium has the
potential of an actual application for the space mission, first con-
firmed by the microgravity simulation test. RPET Sé6 is robust in the
diminished gravity, repurposing their aggregating ability to survive
by adapting to environmental changes such as the antimicrobial
environment®*®, The quasi-stationary movement under microgravity
does not hinder the final lycopene production, even though the
production was delayed compared to the Earth’s gravity condition.
Additionally, previous studies have demonstrated that oxygen can be
produced through the electrolysis of water or regolith in molten salts
or oxides®. In another study, under energy conditions similar to
those of the Mars Oxygen In-Situ Resource Utilization Experiment
(MOXIE), Kelly et al. explored the potential of microwave (MW)-
plasma-based in-situ utilization of the Martian atmosphere, achieving
an oxygen production rate of 47.0 g/L*. These proof-of-concept
studies have established the potential for achieving an efficient on-
site supply of oxygen using in-situ resources, laying the foundation
for applying obligate aerobic microbial chassis (e.g., RPET S6) in off-
world biomanufacturing. Regarding the water supply in the extra-
terrestrial condition, producing water from lunar ilmenite through
reaction with endogenous hydrogen has been validated®. This
approach could help address the water supply concern for off-world
biomanufacturing. Taken together, the advancements of technolo-
gies for efficiently producing the basic components required for
fermentation on-site eliminate reliance on Earth’s resupply and
competition for its resources, ultimately enabling cost-effective off-
world biomanufacturing.

In conclusion, we propose AF-ISM employing versatile RPET S6 to
utilize alternative feedstocks for efficient biomanufacturing of lyco-
pene. Economically friendly technologies that can significantly reduce
the need for raw materials from Earth resupply will play a critical role in
space exploration. Compared to the conventional method, the alter-
native feedstock-derived biomanufacturing process demonstrates
lower dependency on logistic support from Earth, resulting in

dramatically reduced production costs (Fig. 7). Although promising,
further verification of our technologies in diverse space conditions
such as experiments in ISS will be essential to confirm their reliability
before deploying the microbial factory on space missions. Never-
theless, our core technologies will also be useful for addressing global
issues of plastic waste, human waste, pollution, biomineralization of
rare earth elements, and sustainable production of chemicals and
materials®>*°,

Methods

Bacterial strain and cell growth test

The RPET variant strain S6 (RPET S6) was developed for upcycling PET
to lycopene®. The seed culture of the strain was prepared in the
Greasham medium (control medium; Supplementary Table 6) sup-
plied with 5g/L glucose as the carbon source and 20 ug/ml gentamy-
cin. Unless otherwise noted, all the cultures were incubated at 30 °C
with shaking at 250 rpm in the dark condition.

For the nutrient dosage test, RPET S6 was cultivated in the glass
test tube with a working volume of 10 ml. The culture condition for
each experiment was specified in the corresponding figure legend.
RPET S6 was inoculated into a 125-ml flask with a working volume of
25 ml for lycopene production assay in the semi-alternative medium.
The positive control for all tests is a culture in the Greahsam medium
containing 17 mM each of TPA and EG. For the factorial experiment,
RPET S6 was inoculated into the corresponding media (equimolar
mixtures of TPA and EG as the carbon source) for cell growth tests,
with varying dilutions of permeate (0, 0.2, 0.4, 0.6, 0.8, 1.0-fold) and
multiple concentrations of regolith simulants (0, 0.2, 0.5, 1.0, 2.0, and
5.0 g/L). To assess the effects of carbon concentration on cell growth,
RPET S6 was inoculated into a minimal medium supplemented with
1g/L regolith, 40% permeate, and varying concentrations of TPA and
EG, ranging from 5 mM each to 50 mM each. 20 pg/ml gentamycin was
provided for every culture to maintain the lycopene-producing plas-
mid. The optical density at 600 nm (ODgoo) wWas measured in VWR
semimicro polystyrene cuvettes, using a Tecan Infinite M200 Pro plate
reader (Tecan, Switzerland). Abseoo (absorbance) values were con-
verted into ODgoo values by the experimentally determined relation-
ship, OD600 = 1.75xAbs¢go.

Alternative feedstocks preparation
The selection criteria of the regolith simulant were based on the
representation capability of the actual regolith by the high-fidelity.
Lunar regolith simulants of Black Point One (BP-1) and Johnson Space
Center One (JSC-1/1A) were provided by NASA, showing physical
similarity of rough and angular particle shape® and chemical similarity
to the soil from the geological terrain of the Moon, respectively. The
Martian regolith simulant of Martian Global (MGS-1) was purchased
from Space Resource Technologies, FL, USA. MGS-1 is a mineralogical
standard for basaltic soils on Mars, developed based on quantitative
mineralogy from the Mars Science Laboratory Curiosity rover. For the
particle simulant utilization test, 100 g/L of stock solution was pre-
pared in the sterilized water. For the acidified simulant utilization test,
100 g/L of stock solution was prepared in the 1% nitric acid solution.
The metal leaching in the acidic (pH =1) solution lasted for 24 h. The
solution was filtered out using a 0.22 um polyethersulfone membrane.
The dissolution of titanium, aluminum, magnesium, iron, man-
ganese, and chromium was quantified using the Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) using NexION 2000 (PerkinElmer,
Waltham, MA). The pressure of argon gas was 100 psi, and the sample
flushing time was 45 s for the 3 ml samples. The calibration curve was
prepared by the serial dilution of the standard from O to 100 pg/L.
Calcium, sodium, and potassium dissolution were analyzed using
cation chromatography using lonPac CS12A of Dionex Easion (Thermo
Scientific, USA). Samples were diluted in the deionized water. The
range of the standard curve was 0-50 mg/L.

Nature Communications | (2025)16:728

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56088-2

TPA and EG stock were prepared by dissolving them in deionized
water overnight in dark conditions. For the AnMBR permeate pre-
paration, the canine fecal waste was treated using the Organic Pro-
cessor Assembly (OPA) unit. The treatment capacity of the influent is
2.5 L per day to mimic that of a crew of four astronauts. The treated
fecal material is ultrafiltered through a specialized membrane module
and collected at a rate of 2.5 L/day. All feedstocks were filter sterilized
before the cultivation.

Post-consumer PET alkaline hydrolysis was carried out using a
method derived from our previous study with modifications®. Briefly,
post-consumer PET bottles were collected and cut into 0.5x 0.5cm
pieces. Then, 6 g of PET chunks were added to a 60 mL aqueous
solution (2 M NaOH). The homogeneous suspension was then fed into
the PTFE vessel. The PET decomposition reaction was conducted in a
Parr Stirred Reactor (Series 4560 Mini Reactors, 100-600 mL) at
180 °C for 2 h with agitation. The reaction mixture was cooled on ice
and centrifuged at 3500 x g for 10 min to remove unreacted PET solids.
The clear supernatant was then neutralized to pH 7.0 with HCI. The
concentrations of the resulting monomers were determined prior to
being transferred to the microbial cultures.

Particle simulant utilization analysis

Cultivated samples were vacuum filtered through Grade 2 Qualitative
Filter Paper (pore size: 8 um; Whatman, Maidstone, UK) and washed
three times using deionized water violently. The filter paper with
simulant particles was air-dried completely before all analysis. The
iS20 FT-IR Spectrometer (Nicolet, Prague, CZ) was used to determine
the surface functional group change of particle simulants before and
after the RPET S6 growth. The sample covered the sample loading area
entirely for data quality assurance. The measurement conditions were
a wavenumber range of 400-4000 cm?, 2-4 resolution, and 32 scans.
The data was acquired as the transmittance (%), and OMNIC was the
data collection software. The background was collected before every
sample.

Quattro S Environmental SEM (Thermo Scientific, USA) was used
to characterize the surface morphology and adsorption. Double-sided
carbon tape was attached to the metal holder for the sample pre-
paration. Then, a thin layer of sample was mounted on the carbon tape.
The working distance was 10 mm. For the distribution of mineral
components, an X-ray diffraction analysis was performed using Bruker
d8 Advance X-ray Diffractometer. The instrument was operated at
40 kV and 40 mA. The sample was mounted in the MTI low background
Si disc Zero Diffraction Plate. XRD patterns were collected in the 20
range of 15-80° with a step size of 0.5°. The samples were analyzed
under ambient conditions. The scanned XRD patterns were processed
using Bruker Diffrac.Eva.

Substrate and lycopene quantification

TPA concentration was measured using Agilent 1260 Infinity Il high-
performance liquid chromatography (HPLC) system (Agilent Tech-
nologies, USA) equipped with the Agilent Poroshell 120 EC-C18 column
(4.6 x100 mm, 2.7 um) and a diode array detection (DAD), as descri-
bed by our recent study®. The column temperature was maintained at
60 °C, the DAD was set to 280 nm, and the flow rate was 1.0 mL/min.
The mobile phase composition—consisting of phase A (water with 0.1%
formic acid) and phase B (acetonitrile with 0.1% formic acid)—was
adjusted over time using gradient elution as follows: 92:8 (A:B) at
0 min, 74:26 at 5min, 50:50 at 8 min, and returned to 92:8 at 10 min.
TPA concentration in the sample was determined by comparing UV
absorbance values to a standard TPA calibration curve with an R?
coefficient of > 0.995.

EG quantification was performed using an Agilent 1260 Infinity Il
HPLC system equipped with an Aminex HPX-87H ion exclusion
column (300 mm x 37.8 mm, 9 um particle size; Bio-Rad, USA) and a
refractive index detector (RID), as described by our recent study®.

The column temperature was maintained at 40 °C, and samples were
isocratically eluted with 0.01 N H,SO, as the mobile phase at a flow rate
of 1.0 mL/min. EG concentration in the sample was determined by
comparing peak area values to a standard EG calibration curve with an
R? coefficient of > 0.995.

Lycopene extraction and HPLC assay were performed using a
method described in our previous study”. For lycopene extraction,
5mL aliquots of cells were centrifuged at 3500 x g for 10 min, washed
with deionized water, and then lyophilized. The dry cell pellets were
resuspended in a methanol/acetone solution (500 pL; 7:3, v/v) con-
taining 0.05% butylated hydroxytoluene (BHT) and disrupted using ZR
BashingBead Lysis Tubes (0.1 mm beads; Zymo Research, USA) in a
BeadBug™ microtube homogenizer (Benchmark Scientific, USA) at
4000 rpm for 3 min. After centrifugation, the supernatant was trans-
ferred to a1.5 mL tube. This process was repeated until the supernatant
showed no visible color. The organic phase containing lycopene was
filtered through a 0.22 pm syringe filter into an amber glass vial for
HPLC analysis. Quantification of lycopene was performed using Agilent
1260 Infinity Il HPLC system equipped with an EC-C18 column and a
DAD detector set at 474 nm. The column temperature was maintained
at 40 °C, and samples were isocratically eluted over 15 min at a con-
stant flow rate of 1.5mL/min. The mobile phase consisted of a
methanol/acetonitrile solution (7:3, v/v). Lycopene concentration in
the sample was determined by comparing absorbance values to a
standard lycopene calibration curve with an R? coefficient of > 0.995.

Microgravity simulation

Simulated microgravity experiments were performed using High
Aspect Ratio Vessels (HARVs) (Synthecon, Inc., Houston, TX), which
are specialized ground-based bioreactors designed to create a low-
shear modeled microgravity environment for the cells growing in
them. The overnight grown primary culture was diluted to an initial
ODgpo of 0.1 using a fresh culture medium, and 10 mL of culture
volume was loaded into HARVs in a sterile manner. Residual air bub-
bles were removed through a syringe port. Cells were constantly aer-
ated through a gas-permeable membrane present on one side of the
vessel. Four different rotation speeds (RPM) were tested to optimize
the growth of cells in HARVs. The final growth experiments in simu-
lated microgravity were conducted at RPM 7.2 and by placing the
HARVs inside a static incubator at 30 °C. Samples were harvested on
day 3 and day 6 to measure growth and lycopene production. The
changes in cellular morphology due to the microgravity environment
were investigated using Zeiss Axioplan 2 Upright Light Microscope
(Carl Zeiss, Oberkochen, DE), and imaging was done using ZEN Blue 2.3
Pro software.

Equivalent Systems Mass calculation

The Equivalent Systems Mass (ESM) calculation using an established
equation (Eq. 1) was based on relevant literature. Because the final AF-
ISM aimed at Martian regolith utilization, we set all baselines of this
economics study for the mission on Mars (L,: location factor, M: mass
of the system, V: volume of the system, V,,: volume equivalency factor,
C: cooling requirement of the system, C,,: cooling equivalency factor,
P: power, P, power equivalency factor, CT: crew time, D: mission
duration, and CT,,: crew time equivalency factor).

ESM=Leq-{M+(V-Veq)+(P-Peq)+(C-Ceq)+(CT~D~CTeq)} A

To compare the conventional medium, which needs the supply
from the ground, with the AF medium that this study developed, all
required values of the system and equivalency factors were obtained
from the literature (Supplementary Table 5)**. The control scenario
(Scenario 1) is shipping all chemical components from the ground
except for the water. Carbon sources of 5kg/m?, macronutrients of
5.22kg/m?, and micronutrients of 0.005kg/m® are required for the
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conventional medium. The test scenario (Scenario 2) gets all the
components from the space environment. Plastic of 3.88 kg/m?,
regolith of 1kg/m?’, and fecal waste-treated water of 400 kg/m?® are
required for the AF medium. ESM was calculated based on the system
characteristics and factors. An example calculation can be found in
Supplementary Method 1.

Statistical & Reproducibility

All experimental biological replicates, along with the number of data
points used in the analysis where applicable, are detailed in the cor-
responding figure legends. Statistical analysis was performed using
GraphPad Prism version 10. Descriptive statistics on mean and stan-
dard error were presented. To determine the significant difference
between the two independent groups, unpaired two-tailed ¢-test was
conducted, and ¢-statistic and p-value were calculated by the software.
The 95% confidence interval was applied.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data supporting the findings of this work are available within the main
article and its Supplementary Information file. Source data are pro-
vided with this paper.
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