
Available online at www.sciencedirect.com

Review 

Microbial and synthetic biology solutions for waste 
management and biomanufacturing off Earth
Richa Guleria and Mark A Blenner

Waste management aboard the International Space Station is a 
critical challenge due to limited space, microgravity, and 
continuous waste generation. This manuscript explores 
biotechnological strategies that convert waste into valuable 
resources, supporting sustainability and reducing reliance on 
Earth. Biowaste decomposition transforms organic waste into 
nutrients and biogas, while regenerative life support systems 
recycle carbon, water, and minerals. Biomining enables 
microbes to extract rare elements and upcycle electronic waste 
into mission-critical metals. Engineered extremophiles 
demonstrate resilience and productivity in space, supporting 
their potential role in regenerative life support systems. 
Biomanufacturing platforms that use alternative and in situ 
feedstocks demonstrated the capability of producing vitamins 
and pharmaceuticals from waste-derived feedstocks. These 
innovations enhance crew health, reduce launch mass, and 
offer scalable models for sustainable resource recovery, 
marking a shift toward self-sufficient extraterrestrial habitats 
while simultaneously establishing the foundations for materially 
closed-loop bioregenerative life-support systems essential for 
Mars missions and long-term off-Earth settlements.
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Introduction
The International Space Station (ISS) is mankind’s 
home in space, continuously occupied since November 
2000 for space habitation and exploration research [1]. 

However, the maintenance of ISS comes with significant 
logistical challenges, particularly the management of in 
situ mission-generated waste [2]. The constrained en
vironment and unique microgravity conditions at the ISS 
transform waste management from a routine operational 
activity into a vital aspect of space mission directly im
pacting crew well-being, system functionality, and long- 
term sustainability [3–5]. At the ISS, a crew of four as
tronauts can produce approximately 2500 kg of storage 
space occupying waste annually [6]. This creates both 
logistical and safety hazards, including biological con
tamination, volatile organic compound release, and mi
crobial biofilm formation on surfaces [7]. With the 
planned decommissioning of the ISS, new space stations 
are expected, along with upcoming long-duration mis
sions to the Moon and Mars. Therefore, this is an op
portune time to focus on the development of sustainable 
waste management strategies for upcoming missions [8].

The in situ mission-generated waste encompasses all 
biological and non-biological materials produced via 
daily crew activities and life support operations. A 
comprehensive model for waste generated during 
crewed missions on ISS studies has identified 10 major 
waste categories, including human waste, clothing, food 
and packaging, ethylene-vinyl acetate supplies, hygiene, 
paper, office supplies, and other crew supplies [9]. 
Human metabolic waste comprises feces (approx. 
0.13 kg per person per day), urine, vomit, respiratory 
products (carbon dioxide and water vapor), dead skin, 
and nail clippings [10]. The non-biological waste in
cludes packaging materials (food packaging, tape, paper, 
and plastics), leftover food and drink containers (0.31 kg 
per person per day), personal hygiene products, in
cluding wipes, obsolete hardware, and other artificial 
objects that have fulfilled their operational function 
[6,11–13]. Other than this, the non-edible plant biomass 
from growth experiments comprises approximately 
2.12 kg per person per day [6,10]. This in situ mission- 
generated waste exhibits diverse elemental composi
tions that vary significantly by waste type, whose de
tailed analysis can enable targeted recycling efforts [9]. 
Moreover, the waste recovery and management system 
generates secondary waste streams demanding manage
ment [6].

The mission-generated waste within the confined en
vironment of the ISS presents hazards to the crew’s safety 
and mission success. The primary hazard is biological 
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contamination from human waste, as improper manage
ment of fecal matter could lead to cross-contamination, 
posing known health risks to astronauts [10]. Wet waste 
fosters microbial activity, potentially promoting patho
gens, releasing offensive odors, and hence posing safety 
risks [7,14]. Chemical contamination amplifies these risks 
as analysis of ISS air-filter dust samples showed elevated 
amounts of hazardous chemicals exceeding the levels 
normally observed in domestic environments on Earth 
[11–13]. Moreover, the water and gases that could be 
recycled get trapped in stored waste, lowering the overall 
efficiency of life support systems [7].

Currently, ISS utilizes an advanced Environmental Control 
and Life Support System [15] which process waste through 
three-independent subsystems; (a) the Water Recovery 
System (WRS) which reclaims approximately 90% of the 
wastewater and urine via Urine Processor Assembly and 
Water Processor Assembly, (b) the Air Revitalization 
System responsible for removing carbon dioxide and 
eliminating trace contaminants, and (c) the Oxygen Gen
eration System which generates oxygen by electrolyzing 
the water provided by WRS while feeding the output 
hydrogen into a Sabatier reactor that combines hydrogen 
with captured CO₂ to generate methane (vented to space) 
and additional water. The management of solid waste, 
including fecal matter and urine brine concentrate, is 
generally done by disposing of the waste collected in 
sealed containers via cargo vehicles that burn up during 
atmospheric re-entry [5]. Technologies such as Sierra 
Space’s Trash Compaction and Processing System [12,16], 
which has been selected for ISS demonstration in late 
2026, showcase practical applications by cutting waste vo
lume by more than 75% and reclaiming over 98% of the 
contained water, producing compact, stackable tiles that 
require little crew effort aside from loading and removing 
tiles. This level of automation is essential due to astro
nauts’ limited availability and the demand for dependable, 
low-maintenance equipment.

For future deep-space, manned, long-term missions, 
sending resupplies from Earth would be practically im
possible due to substantial economic implications and 
long distances involved [17]. Therefore, NASA has been 
working with various institutions to develop better waste 
recycling systems and set up sustainable resource utili
zation in extraterrestrial habitats [7,18]. In recent years, 
biotechnological approaches have offered promising so
lutions to waste management which includes biowaste 
decomposition [9], biomining [19], plastic upcycling 
[20], waste to resource conversion [21] and biomanu
facturing from space waste [22] (Figure 1), all of which 
validates the feasibility of designing materially closed- 
loop bioregenerative life support systems (BLSS) for 
long duration space missions where resupplies are not 
economically and practically feasible. Such systems 
possess the capability of coupling waste processing with 

in situ resource regeneration, hence, establishing self- 
sufficient ecosystems that support human existence be
yond Earth [23]. Moreover, in situ resource utilization 
(ISRU) can significantly reduce mission cost by cutting 
launch mass, as every kilogram not launched translates 
into major savings in mission cost [11,24]. However, 
microgravity presents a significant challenge for im
plementing microbe-based solutions for waste proces
sing on space habitats, primarily by altering microbe 
behavior [25] in waste treatment systems. One way to 
tackle this problem is to engineer microbes to maintain 
their functionality in low-gravity environments and high- 
radiation environments, thus mitigating the adverse 
impacts of microgravity on biological systems. Further
more, genetic manipulation of microbes to enable them 
to utilize alternative feedstocks generated from biowaste 
is essential for establishing a fully closed-loop waste 
management system aboard the ISS. The utilization of 
space waste as a resource will not only minimize storage 
requirements and the cost of future missions but will 
also contribute to the development of self-sustaining 
extraterrestrial habitats. This review examines recent 
biotechnological advances in waste processing strategies 
for space applications and the overall feasibility of these 
emerging systems.

Using microbes to transform biological waste 
into resources
Biotechnology has tremendous potential to transform 
space station waste into valuable resources by simulta
neously addressing the issue of waste disposal and re
source constraints. A core method for biowaste treatment 
is aerobic composting, where microbial consortia oxidize 
and decompose both solid and liquid organic waste 
[21,26–28], making it a foundational waste management 
technique (Figure 1). The feasibility of aerobic compo
siting as a sustainable biowaste recycling approach for 
space was demonstrated by Ohio State University re
searchers, as a part of NASA X-Hab academic innovation 
challenge, by a tabletop bioreactor design capable of de
composing organic substrates such as lettuce roots, arcil
lite, and common kitchen scrap (banana peels and onion 
clippings) yielding a nutrient-rich compost — a renewed 
substrate for growing edible plants aboard the ISS [29]. 
Another recent pilot-scale study of food waste treated 
with hydrolytically active consortia of Bacillus and Peni
cillium spp. showed enhanced bioconversion efficiency 
reflected in terms of 2.8-fold higher CO₂ output, en
hanced organic matter decomposition (28–38%), and a 
germination index surpassing 120% under optimal treat
ment conditions [26]. However, direct implementation of 
this technology in microgravity is constrained by the al
tered physicochemical dynamics of aerobic decomposi
tion in a microgravity environment [30]. Therefore, the 
successful implementation of this technology demands 
innovative solutions such as centrifugal compositing 
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systems mimicking Earth’s gravity to enable efficient 
biowaste recycling in space habitats.

Another approach that offers complementary capabilities 
is anaerobic digestion, which utilizes microbial consortia 
to metabolize biological waste in an oxygen-free en
vironment, generating biogas (an energy source) and 
digestate (a nutrient-rich solid residue) suitable for on- 
board agriculture [31–34]. Recently, a group of re
searchers has developed a prototype Organic Processor 
Assembly (OPA) that incorporates an Anaerobic Mem
brane Bioreactor capable of converting urine, fecal 
waste, humidity condensate, and food waste into ef
fluent suitable for agriculture and biomanufacturing, 
utilizing microbial consortia [35]. Although anaerobic 
digestion holds great promise for space applications, 
microgravity poses some critical challenges, such as the 
absence of buoyancy forces that prevent separation of 
biogas and digestate, ultimately reducing system effi
ciency [36], and the absence of convection-driven mass 
transfer resulting in localized accumulation of substrate, 
intermediate, and inhibitory byproducts [37]. The 
modern bioreactor designs for anaerobic digestion have 
thus focused more on multi-compartmentalized anae
robic digester systems acting as separation units. In 2017, 
Steinberg et al. proposed a two-component anaerobic 

digestion method capable of recycling human solid and 
liquid waste to edible protein and lipid-rich bacterial 
biomass [38]. In recent years, increasing attention has 
been given to the development of bioregenerative sys
tems. A key example of this is the Micro-Ecological Life 
Support System Alternative (MELiSSA) that mimics 
Earth’s natural ecological cycles [39]. MELiSSA works 
as a bioregenerative loop that utilizes five inter
dependent compartments, each hosting a variety of 
specific microbes or higher plants transforming organic 
waste into carbon dioxide, volatile fatty acids (VFAs), 
and minerals, including free ammonia. Ammonia, CO2, 
and minerals support the growth of cyanobacteria and 
higher plants at ISS, and these species, in exchange, 
convert carbon dioxide and light into oxygen and edible 
biomass, thereby effectively closing critical loops in 
BLSS. These systems demonstrate the potential of mi
crobes to convert biowaste into edible products, energy, 
and agricultural nutrients, hence reducing mission de
pendence on Earth resupplies, establishing a self-sus
taining ecosystem.

Biomining and bioleaching for in situ resource 
utilization
Biomining technology harnesses microbes to extract 
metals from rocks and extraterrestrial materials such as 

Figure 1  

Current Opinion in Biotechnology

Conceptual illustration of a microbial biotechnology–driven closed-loop system for transforming mission-generated waste into mission-relevant 
resources in extraterrestrial environments. Up and recycling of mission waste is shown by black arrows, and loop closure is shown by dotted arrows.  
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Lunar or Martian regolith [19]. This process supports 
ISRU [19] — a concept of utilizing local resources at 
mission destinations for generating basic supplies, 
hence, turning space waste from a liability into a possible 
orbital resource (Figure 1). Successful biomining pro
cesses implemented on electronic waste (e-waste) 
showed recovery of metals such as copper, nickel, and 
zinc using the mycelial surface of Ganoderma lucidum 
[40]. In 2019, the pioneering BioRock experiment con
ducted on ISS showed the capability of Sphingomonas 
desiccabilis, Bacillus subtilis, and Cupriavidus metallidurans 
to extract rare earth elements from basaltic rock (an 
analog of lunar and Martian regolith) under normal 
gravity, microgravity, and simulated Martian gravity [41]. 
The BioRock study showed 3.8% enhancement in the 
extraction rate of rare earth metals with no significant 
changes in final yield across all tested gravities, in
dicating no change in biomining efficiency from Earth to 
space. Another filamentous fungi, Penicillium simpli
cissimum, has shown successful bioleaching of EAC-1A 
regolith, showcasing the utility of fungal mycelial sys
tems for resource recovery, enabling circular economy in 
space [42]. Earth-based studies have demonstrated the 
potential of acidophiles to extract aluminum from elec
tronic waste [43], steel slag [44], and spent catalytic 
cracking catalysts [45], technologies that could be 
adaptable for recycling space station e-waste. Similarly, 
silicate-solubilizing bacteria, such as Paenibacillus muci
laginosus and Bacillus circulans, have effectively removed 
silica from industrial waste [46], highlighting their po
tential for treating diverse waste streams. Moreover, si
mulated Martian gravity studies showed the potential of 
Acidithiobacillus ferrooxidans to oxidize iron from Martian 
regolith [47].

Harnessing extremophiles for waste 
management
Extremophiles offer a transformative solution for waste 
management in space habitats by their ability to meta
bolize substrates in brines, highly alkaline or saline 
waste streams, and high-radiation elements (Figure 1) 
that can’t be processed by conventional microbes. Their 
unique tolerances can overcome key limitations of tra
ditional waste processing, which face significant limita
tions due to microgravity, radiation exposure, and 
resource constraints [48,49]. Ground-based studies have 
established the foundation for extremophile applications 
in waste treatment. Studies on industrial waste re
mediation have revealed remarkable abilities of halo
philic species, such as Halomonas and Marinobacter, in 
degrading organic pollutants in hypersaline wastewater 
[48,50]. The ISS utilizes haloalkaliphilic species Lim
nospira indica (formerly Spirulina) for wastewater re
cycling due to the exceptional metabolic efficiency of 
this cyanobacterium to produce oxygen via photosynth
esis with CO₂ as its sole carbon source, achieving 

effective nutrient removal rates [49]. Similarly, psy
chrophilic bacterial species of Arthrobacter, Brevundi
monas, Rhodococcus, and Pseudomonas have shown the 
ability to degrade organic pollutants from wastewater, 
making them suitable for waste processing streams that 
operate under low temperatures [51,52]. Isolation of 
extremophilic and extremotolerant microbes from low 
Earth orbit and from surfaces aboard ISS shows micro
bial persistence and adaptation under space conditions 
[49,53,54]. Such adaptations are often beneficial as cer
tain bacterial species, such as Paenibacillus and Micro
bacterium, showcase increased metabolic activity that 
could be beneficial for space waste processing, as de
monstrated by their closest terrestrial relatives [55–57]. 
The MELiSSA project mentioned earlier showed re
markable metabolic activities of thermophiles (Clos
tridium thermocellum and C. thermosaccharolyticum) in the 
first bioreactor stage of its five-stage interconnected 
system, resulting in up to 85% organic waste degradation 
within 10–20 days in thermophilic conditions [39,49]. 
These thermophilic bacteria exhibit elevated catalytic 
efficiencies due to the production of thermostable hy
drolytic enzymes (cellobiosidase and xylanase) that en
able rapid hydrolysis of inedible plant biomass at faster 
rates than mesophilic systems. The China Astronaut 
Research and Training Center’s successful 108-day ex
periment housing four crew members achieved 100% 
water recovery and 87.7% recycled solid waste from 
domestic waste (urine, feces, and domestic wastewater), 
integrating anaerobic (Bacteroidetes) and aerobic (Pro
teobacteria) microbial bioreactors [58–60], validating the 
feasibility of extremophiles in advancing sustainable 
waste treatment technologies for space habitats. More
over, studies on radiation-resistant Deinococcus radio
durans have revealed highly efficient DNA repair 
mechanisms and antioxidant systems allowing it to 
withstand intense UV and ionizing radiation of space 
[48,61], making it a potential candidate for the treatment 
of space waste. Genome-scale metabolic modeling can 
be utilized to leverage the metabolic capabilities of these 
extremophiles [62] by systematic studies followed by 
their optimizations for space waste processing. This will 
provide useful insights into how their metabolic net
works adapt to factors such as microgravity, radiation, 
and temperature fluctuations.

Progress toward microbial biomanufacturing 
in space
Microbial biomanufacturing offers an innovative solution 
to waste management in extended space missions. By 
converting in situ resources into products relevant to space 
habitation needs, it can enable the development of closed- 
loop life support systems that promote sustainability in 
extraterrestrial environments (Figure 1). Current space 
biomanufacturing research is focused on engineering mi
crobes for two interconnected tasks: transforming mission- 
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generated waste into valuable feedstocks and producing 
on-demand mission supplies from it, with a long-term goal 
of reducing reliance on resupply missions from Earth 
[63,64]. Microbial upcycling of plastic waste using en
gineered bacteria demonstrated at ISS is one such ex
ample, where a genetically modified Pseudomonas putida 
strain converted terephthalic acid from plastic poly(ethy
lene terephthalate) (PET) to β-ketoadipic acid that can be 
polymerized to yield nylon precursor suitable for produc
tion of various structural components [65]. This approach 
simultaneously addressed dual challenges of waste accu
mulation and feedstock limitation in a closed-space en
vironment, assisted by synthetic biology tools to readjust 
microbial metabolism for extraterrestrial environments. 
The US Department of Defense (DoD) has identified 
space biomanufacturing as a strategic priority as it offers 
on-demand production of mission supplies, reduces lo
gistical dependence on ground supply chains, and enables 
exploitation of unique space habitats for novel biomanu
facturing capabilities. Defense Advanced Research Pro
jects Agency’s Biomanufacturing: Survival, Utility, and 
Reliability beyond Earth (DARPA’s B-SURE) program 
[66] was the DoD’s first fundamental investigation of 
space biomanufacturing feasibility [67]. Launched in 2022, 
the 18-month program investigated microbial resilience 
and biomanufacturing efficiency across variable gravities 
(Lunar, Martian, and microgravity) and radiation regimes. 
B-SURE program addressed the gap in space biomanu
facturing capability by three tracks: (i) microbial utilization 
of space-based alternative feedstocks, (ii) impact of vari
able gravities on cellular productivity, and (iii) mitigation 
strategies for the impact of cosmic radiation on microbial 
performance. Microbes, including bacteria (Escherichia coli, 
Vibrio natrigens, P. putida, Cupriavidus basilensis, Vibrio fi
scheri) and yeast (Saccharomyces cerevisiae, Yarrowia lipoly
tica, Pichia pastoris), were tested for their ability to 
synthesize DoD-relevant products (β-carotene, poly
hydroxybutyrate) crucial for crew sustenance and mission 
utility, providing data to inform scalable manufacturing in 
Lunar and Martian habitats. Recently, researchers from 
WashU have developed an alternative feedstock-driven in 
situ biomanufacturing (AF-ISM) process that demon
strated the production of lycopene (a bioactive compound 
known to support bone health) by the bacterium Rhodo
coccus jostii using PET hydrolysate (plastic waste), Lunar 
or Martian regolith, and pretreated human fecal waste as 
alternative feedstocks [68]. Lycopene yields on alternative 
feedstock under simulated microgravity matched Earth- 
based levels, demonstrating the potential of AF-ISM for 
cost-effective in-orbit biomanufacturing. This integration 
of waste processing with biomanufacturing in the above 
studies demonstrates the potential to create a self-sus
taining biomanufacturing platform that not only manages 
multiple waste streams simultaneously but also produces 
valuable materials supporting in situ resource recovery and 
closing material loops.

Adapting terrestrial chassis for space waste 
valorization
Microbe-based waste valorization solutions developed on 
Earth have demonstrated effectiveness in processing diverse 
waste streams; however, the deployment of Earth-based 
microbial chassis at ISS and beyond demands adaptation to 
unique stressors of the space environment, such as micro
gravity, temperature fluctuations, and high-energy cosmic 
radiation. Candidate microbial chassis, their target feed
stocks, and prospective waste-valorization applications re
levant to space habitats are summarized in Table 1, 
highlighting the technology readiness level of Earth-derived 
systems as well as the need for fine-tuning them for ro
bustness and resilience in harsh space conditions. Strategies 
such as adaptive laboratory evolution (ALE) [69] and ra
tional host engineering [70,71] hold great potential to bridge 
the gap between terrestrial performance and functional 
success in space. Recently, ALE has been used to develop a 
radioresistant strain of the Gram-positive bacterium, Micro
coccus luteus, enabling the identification of genes related to 
radiation tolerance [72]. In parallel, rational host engineering 
on Earth has generated a rich catalog of candidate organisms 
that can be adapted for space applications (Table 1). Some 
key examples include P. putida engineered for PET de
construction into biodegradable polyhydroxyalkanoates 
[73,74], and the oleaginous yeast Y. lipolytica, optimized for 
converting food waste-derived VFAs into high-value lipids 
[75]. Another key study demonstrated a ‘division of labor’ 
framework by the engineering consortium of R. jostii and 
Acinetobacter baylyi, which efficiently deconstructed mixed 
plastic waste into lycopene and lipids [76]. Although the 
transferability of these ground-based systems to the space 
environment relies on addressing multiple challenges, the 
potential for transfer is high due to the modularity of 
modern synthetic biology. The radioresistant genes from 
radio-tolerant microbes such as D. radiodurans and M. luteus 
can be introduced into terrestrial microbes engineered for 
waste processing to enhance their DNA repair mechanisms. 
Genetic circuits can be designed that, upon sensing tem
perature fluctuations, radiation, or oxidative stress, can au
tomatically trigger the production of protective proteins or 
antioxidants. Furthermore, immobilizing these engineered 
cells in hydrogels could stabilize catalytic performance [77], 
effectively translating terrestrial biomanufacturing cap
abilities to the space environment. To ensure genetic con
tainment of deployed microbes, biocontainment strategies 
such as inducible kill-switch systems [78–80] can be in
corporated, restricting microbial survival to the controlled 
conditions of the space habitat.

Future opportunities
Biotechnological methods for waste management in 
space showcase a transition from conventional disposal- 
based approaches to regenerative resource-recovery 
systems crucial for maintaining sustainable habitation off 
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Earth. Successful ISS demonstrations of biomining, 
plastic upcycling, anaerobic digestion, and biomanu
facturing validate the technical feasibility of in situ re
source recovery, though full system integration requires 
continued development to optimize efficiency, ensure 
reliability, and achieve sufficient loop closure percen
tages. With the currently planned retirement of the ISS 
toward the end of decade, microbial waste-valorization 
research conducted aboard the station will provide a 
scientific and engineering foundation for future space 
habitats by generating experimentally validated biolo
gical data in real time space conditions, enabling the 
design and optimization of microgravity and partial 
gravity compatible bioreactors, and experimental ver
ification of biosafety and containment strategies in 
closed environments, all of which supports the devel
opment of closed-loop resource recovery systems in si
milar space environments. The current ISS research 
supports the development of fully integrated BLSS for 
Lunar and Martian habitats, reducing dependence on 
Earth for resupplies. Microbial bioleaching experiments 
with e-waste and regolith analogs have set ISRU prin
ciples enabling metal recovery directly on the Moon or 
Mars. The progress toward microbial biomanufacturing 
in microgravity provides insights into the production of 
bio-based products in partial-gravity environments, 
supporting the potential development of microbe-driven 
supply chains for future space platforms. Taken to
gether, these ISS demonstrations can be extrapolated 
into scalable and autonomous bioreactor systems that 
may serve as essential infrastructure in future space 
stations, Lunar Gateway, and long-term deep space 
missions. Future work toward space waste management 
may include employing synthetic biology to enable 
systems to adapt to evolving mission requirements, 
achieving complete material closure in bioregenerative 
systems, and transitioning from the demonstration of 
individual components to the validation of the entire 
system under realistic mission parameters. As human 
exploration extends deeper into space, microbial bio
technology will serve as a cornerstone technology, 
transforming waste into vital resources necessary for 
thriving extraterrestrial habitats.
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