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Abstract

Finding sustainable approaches to achieve independence from terrestrial resources will be pivotal
to the success of space exploration in the next decade (2023-2032). The use of microorganisms
could help achieve this aim, by performing biological in situ resource utilization (bio-ISRU). Here,
we propose a series of processes of interest for the acquisition of structural and essential materials,
waste recycling, soil formation and energy production, highlighting potential outcomes and
recommendations to improve their feasibility in the space environment.

Background

Microorganisms can facilitate a myriad of processes in support of sustainable, long-term human
exploration of space. In addition to or complementing mechano/physico/chemical approaches to
in-situ resource utilization (ISRU), life support systems and similar processes, biologically-
facilitated methods must be considered for the next decade of NASA’s Biological and Physical
Sciences (BPS) Division research and development portfolio (Montague et al., 2012; Nangle et
al., 2020; Castelein et al., 2021; Keller et al., 2021). Here, we present a series of potential outcomes
from these approaches, which include biomining, bioremediation, biological waste reclamation,
soil formation for crops and food production, concrete production and myco-structures, and energy
production. The approaches (“potential outcomes”) presented here are based on processes and
technologies currently implemented on Earth at different readiness levels, while taking into
account difficulties and specificities of the space environment. Selecting the most suitable
microorganisms and processes for any given space application is non-trivial, as terrestrial
technologies may not be directly adaptable to the harsh space environment, and extensive
investigations are pivotal to their success (Averesch, 2021). For this reason, we include
recommendations (in bold) and guiding questions for consideration by the National Academies of
Sciences, Engineering and Medicine (NASEM) Steering Committee in their development of
NASA’s Decadal Survey on BPS Research in Space 2023-2032.

Crewed missions on the Artemis Program plan to visit Lunar locations south of 79°S and near
Permanently Shadowed Regions (PSRs), which have been designated as Category 11-L, and allow
living organisms to be included on payloads and studied, as per NASA’s recent Interim Directive
(NID) 8715.128 (nodis3.gsfc.nasa.gov/OPD_docs/NID_8715 128 .pdf). This white paper does
not address potential negative outcomes of the use of organisms in inhabited areas, such as possible
pathogenesis and or biodegradation of materials, as these topics are addressed in other white
papers. However, potential mitigation of the above concerns could be achieved by selecting
microorganisms with appropriate biosafety levels and devising suitable bioengineering techniques,
as well as implementing appropriate containment procedures, when relevant.

The potential outcomes from the biologically facilitated processes described herein can increase
the sustainability of human exploration of space, namely the plans to return-to-stay to the Moon
under the Artemis Program. Towards the end of the 2023-2032 decade and beyond, these processes
may support missions to Mars and may be translatable to Earth, improving biomining-related
approaches and bioremediation, for instance. In longer term, the bio-ISRU and BPS processes
proposed here could support microbial-based space biotechnologies, in order to enhance the
sustainability of extraterrestrial settlements, and in turn benefit terrestrial applications by
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leveraging these cutting-edge space advancements, according to the United Nations 2030 agenda
for Sustainable Development Goals (SDGs, sdgs.un.org).

Potential Outcomes

The potential outcomes from biologically-supported ISRU (bio-ISRU) and biologically facilitated
processes (BFP) include:

1. Biomining of metals, metalloids and minerals. The plan for developing infrastructure on
the Moon and in cis-lunar space would require cost-effective supplies (e.g., structural metals, Oa,
mineral nutrients, volatiles) obtainable by harnessing in-situ natural resources available on
celestial bodies (Menezes et al., 2015b, 2015a; Santomartino et al., in review). Biomining, the use
of microorganisms to sustainably extract valuable metals from minerals and mine waste (Schippers
et al., 2013), could be adapted for space applications (\VVolger et al., 2020) to recover metals from
regolith or waste. Chemolithoautotrophs (e.g., iron and/or sulfur oxidising microorganisms) could
be suitable for biomining of sulfide minerals, occurring in a variety of settings on Mars (Franz et
al., 2019). Microorganisms of other nutritional preferences (e.g., organotrophs), consortia or
bioengineering techniques could be used elsewhere: the Lunar surface is mainly composed of
silica-saturated rocks, with a general lower sulfur composition (Anand et al., 2012; Brounce et al.,
2020, Cockell and Santomartino, in press). Since the science regarding the ability to perform
biomining under Lunar and Martian conditions is scarce (Castelein et al., 2021), efforts toward
advancing our knowledge on microbial growth and bioleaching capacity from
extraterrestrial regolith under space conditions, and toward the development of
bioengineering and synthetic biology approaches, is compulsory.

2. Extraction of Rare Earth Elements (REES), vanadium, silicon and other elements of interest
for manufacturing processes. The use of biomining technologies to extract elements of
manufacturing interest is particularly promising. For instance, Rare Earth Elements (REEs),
essential for electronic device production, tend to occur at low abundances in most areas of the
Moon and Mars but some important exceptions have been highlighted (e.g., McLeod and Krekeler,
2017). The Oceanus Procellarum region of the Moon’s near-side is particularly enriched in REEs,
although higher-resolution mapping is needed. Hydrothermally altered Martian regolith breccia
represented by one meteorite is also relatively REE-rich, hinting at the potential for impact craters
to host REE resources (Liu et al., 2016; McLeod and Krekeler, 2017). Vanadium, a widespread
trace element in Lunar and Martian rocks with several practical applications in metallurgy,
catalysis, and batteries, could enhance material resistance under space stressors. The microbial
extraction of these elements from basalt on the International Space Station (ISS) has been
demonstrated (Santomartino et al., 2020, Cockell et al. 2020, 2021), but further investigations
are required to scale up the system, improve the process, and adapt the technology for other
elements of interest (e.g., silicon) for manufacturing processes with biologically-mediated
and -based methods.

3. Waste (crew, crops, consumables and electronics) recovery. A closed-loop, or recycling and
reuse of materials, is key for sustainable human exploration of space (Godia et al., 2002, Keller et
al., 2021, Berliner et al., 2021, Nangle et al., 2021). Microbiologically supported processes can
provide viable and efficient methods for recycling human and consumable (e.g., plastics) wastes,
to reclaim water, fixed carbon and nitrogen, and inorganic byproducts (e.g., minerals, volatiles
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etc.). Raw materials can be recovered from metallic structures and electronic devices (Urbina et
al., 2019). Waste from (bio-)manufacturing compartments can be recovered and reused as
feedstocks for further applications. All the principles and applications mentioned above could be
included in regenerative life support systems (LSS). To this aim, it is suggested that the
development of biologically-based waste recycling methodologies implementable in space
LSS should be a key priority.

4. Bioremediation of habitat air, water and regolith. For future missions to be successful, a focus
on water and waste recycling and purification related to Environmental Control and LSS (Berliner
etal., 2021) and bioregenerative life support systems (BLSS; Hader, 2020) is necessary. Microbial
bioremediation can support the removal of CO> from the atmosphere in habitats and supplement
the generation of Oz. In addition, the captured CO2 may subsequently be used also for bio-concrete
production, as described later. Heavy metals and toxic compounds could be removed from Lunar
and Martian regolith for further applications, e.g., as soil (Gadd, 2010; Brune and Bayer, 2012,
Billi et al., 2021). Bioremediation may be supported with Proteobacteria, e.g., Sphingomonas,
fungi such as Penicillium spp. (Baraniecki et al., 2002; Matsumura et al., 2015; Nilgiriwala et al.,
2008; Ojuederie et al., 2017, Janssen et al., 2010, Leitdo 2009) and bioengineering of other
organisms. Current knowledge on the applicability of these processes in space is limited, therefore
better understanding the mechanisms of bioremediation, microbial behavior in the Lunar
environment, and the optimization of process conditions is pivotal. The maturation of BLSS
and bioremediation technologies is recommended as a top priority.

5. Soil formation to help enable the cultivation of crops. For successful human settlements on
the Moon or Mars, crews will have to grow their own food. Agricultural methods may include
soil-based farming, hydroponics, cellular agriculture, insect farming, etc. By creating a sealed
environment and closed-loop greenhouse-type infrastructure such as the ISS’ Advanced Plant
Habitat (APH) model, we can ensure sufficient light, water supply, soil-nutrients, and other
necessary parameters for crop growth. As described above, microorganisms can bind and mobilize
specific elements from the Lunar and Martian regolith (Lehner et al., 2018; Volger et al., 2020).
This, together with the removal of toxic elements and compounds (bioremediation, see outcome
4), in particular for plants, can improve the potential of regolith as a plant growth substrate, which
drastically reduces the amount of materials needed for the resupply of plant-based LSS. This
circular approach, ultimately, combines key elements of the potential outcomes 1 to 4 while
producing the food needed for a human presence and minimizing the amount of material
transported from Earth. Next to the maturation of the BLSS and biomining, we recommend
having the combination of those as a core aspect of the future roadmap.

6. Concrete bioproduction. Considering the highly corrosive and harsh Lunar environment (e.g.,
high doses of radiation, Lunar dust, extreme temperatures; de Rooij 2010), construction of resistant
shielding structures and the material will be necessary. Microbiologically Induced Calcite
Precipitation (MICP) is a biogeochemical process whereby microorganisms precipitate calcium
carbonate (CaCOgs), a compound mainly found in limestone, which can increase soil strength and
stiffness (Mujah et al., 2017). Some microorganisms, such as resistant Bacillus spp. (Seifan et al.,
2016), can use carbon dioxide available in the atmosphere to form the carbonate, which can serve
to produce self-healing or “living” structures partly made up of regolith. In a similar vein, self-
healing concrete on Earth can be fed with organic waste materials (Vermeer et al., 2021). Using
appropriate extremophiles for MICP may help in the production and maintenance of bioconcrete,
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as well as space conditions-resistant structures on Lunar and planetary surfaces. On Earth, MICP
is currently leveraged for the production of biocomposite, and biocementation is used as a novel
geotechnical engineering approach. We recommend that MICP and other biogeochemical
processes be studied as a potential approach for the bioproduction of concrete for (habitable)
structures, roads, launch pads, and other key assets on the Lunar surface.

7. Myco-architecture. Linked to outcome 6, myco-architecture refers to the production of
resistant structural components and surfaces using fungi. NASA is already studying the process
for space applications (https://tinyurl.com/myco-architecture), based on growing fungal mycelium
with insulating, fire retarding, high compression and flexural strength characteristics, in a
controlled fashion to form furniture and habitat shells. Research aiming to use fungal mycelia
and other microorganisms for shielding and structure formation, particularly under space
conditions, should be supported to develop novel approaches for the production of structures
and compartments on the Lunar surface.

8. Energy Production. Microbial Fuels Cells (MFCs) utilize microbes to generate electricity. A
new class of anaerobic bacteria (‘electricigens’, e.g., Desulfuromonas, Geobacter etc.) can reduce
organic wastes to produce electricity. MFCs could be coupled with in-situ flow-through waste
remediation systems to harness the reducing power of organic waste to generate electricity, and/or
fuel. H> can be microbially produced by converting carbohydrates, or through nanoparticle
production from Lunar regolith (Barton et al., 2014; Fang et al., 2019; Patel et al., 2021). Certain
Acinetobacter species have been shown to produce nanoparticles from silicon dioxide molecules
(Singh et al., 2008). Biofuel from bio-ISRU (e.g., using cyanobacteria) could also be a possibility
for energy production (Keller et al., 2021). Studies using electricigens, hydrogen and biofuel
producing microorganisms from in situ resources should be supported to allow for in situ
production of electricity with low energy input, and more generally for energy production.

Hardware

To facilitate and optimize the studies that would enable these potential outcomes, it is essential
that the next Decadal Survey supports the development of (i) bioreactors capable of
providing the environmental conditions needed for each of these processes, and (ii) live data
acquisition systems for process and hardware performance characterization. Of particular
interest from a biological perspective would be the development of automated and live monitoring
systems, which would allow the control of biotechnological process parameters (e.g., growth &
production rate, titer and yield, pH, pO, as well as inputs and outputs) to characterize system
performance.

Research Platforms and Funding Considerations

To provide appropriate conditions for technology maturation and open the field to a wider
community, preliminary studies should be supported in laboratories on Earth, simulation
platforms (drop towers, clinostats, parabolic flights, suborbital flights, etc.) and in lower-
Earth orbit (sortie flights, dedicated satellites, CubeSats, ISS / private space stations), and
full investigations in cis-lunar space (Gateway, dedicated satellites) and on the Lunar surface
(uncrewed CLPS landers and Artemis crewed missions). Implementing the space facilities to
enlarge the size of space experiments, in terms of sample replicates and tested experimental
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conditions, should be also considered to improve the impact of the preliminary studies.
Given that these studies will likely heavily rely on synthetic biology, which will require an iterative
approach to optimizing organisms to a desired function, funding should take into account the
high cost of genetic engineering and synthetic biology.

Guiding Questions

Taking an approach based on feasibility, efficiency, and sustainability, the following guiding
questions are suggested to be considered for inclusion into NASA’s next Decadal Survey on
Biological and Physical Research in Space:

Overarching Questions

How can microbial biotechnology enhance the sustainability of long-term deep-space
exploration missions and settlements?

How can biomining and bio-ISRU mature to sustain BLSS, and vice versa?

How can bio-ISRU and BFPs be conducted while adhering to Planetary Protection guidelines?
Which bio-ISRU and BFPs technologies will, in the future, benefit Earth and Martian
exploration?

Microbial Research

What microorganisms and cultivation parameters optimize bio-ISRU processes in space?
What are the detailed mechanisms of microbial bioremediation?

How do microbes behave in the Lunar, Martian, and more broadly space environments?
Which synthetic biology/bioengineering strategies should be developed for bio-ISRU?
Which microorganisms can be easily engineered for bio-ISRU tasks?

How can we engineer microorganisms to be able to operate under extreme radiation and
altered gravity conditions in space?

Technology Development

What are the infrastructure requirements to implement bio-ISRU processes (in space)?
What technologies are needed to quantify and assess bio-ISRU processes efficiency?
How do we collect, extract, or refine the products obtained by bio-ISRU to utilize them?
Which bio-ISRU and BFP methodologies would be self-sustainable?



Topical: Biologically Facilitated Processes Towards Sustainable Space Exploration

References

Anand, M., Crawford, I. A., Balat-Pichelin, M., Abanades, S., Van Westrenen, W., Péraudeau, G.,
Jaumann, R., & Seboldt, W. (2012). A brief review of chemical and mineralogical resources
on the Moon and likely initial in situ resource utilization (ISRU) applications. Planetary and
Space Science, 74(1), 42—48. https://doi.org/10.1016/].pss.2012.08.012

Averesch, N. J. H. (2021). Choice of Microbial System for In-Situ Resource Utilization on Mars.
Frontiers in Astronomy and Space Sciences, 8(June), 1-7.
https://doi.org/10.3389/fspas.2021.700370

Baraniecki, C. A., Aislabie, J., & Foght, J. M. (2002). Characterization of Sphingomonas sp. Ant
17, an aromatic hydrocarbon-degrading bacterium isolated from Antarctic soil. Microbial
Ecology, 44-54. https://doi.org/10.1007/s00248-001-1019-3

Barton L., Tomei-Torres F., Xu H., Zocco T. (2014) Nanoparticles Formed by Microbial
Metabolism of Metals and Minerals. In: Barton L., Bazylinski D., Xu H. (eds)
Nanomicrobiology. Springer, New York, NY. https://doi.org/10.1007/978-1-4939-1667-2_7

Berliner, A. J., Hilzinger, J. M., Abel, A. J., McNulty, M. J., Makrygiorgos, G., Averesch, N. J.
H., Sen Gupta, S., Benvenuti, A., Caddell, D. F., Cestellos-Blanco, S., Doloman, A., Friedline,
S., Ho, D., Gu, W., Hill, A., Kusuma, P., Lipsky, 1., Mirkovic, M., Luis Meraz, J., ... Arkin,
A.P.(2021). Towards a Biomanufactory on Mars. Frontiers in Astronomy and Space Sciences,
8(July), 1-14. https://doi.org/10.3389/fspas.2021.711550

Billi, D., Gallego Fernandez, B., Fagliarone, C., Chiavarini, S., and Rothschild, L. J. (2021).
Exploiting a perchlorate-tolerant desert cyanobacterium to support bacterial growth for in situ
resource utilization on Mars. Int. J. Astrobiol. 20, 29-35.
https://doi.org/10.1017/S1473550420000300

Brounce, M., Boyce, J. W., Barnes, J., and McCubbin, F. M. (2020). Sulfur in the Apollo lunar
basalts and implications for future sample-return missions. Elements 16, 361-362.
https://doi.org/10.2138/GSELEMENTS.16.5.361

Brune, K. D., & Bayer, T. S. (2012). Engineering microbial consortia to enhance biomining and
bioremediation. Frontiers in Microbiology, 3(JUN), 1-6.
https://doi.org/10.3389/fmicb.2012.00203

Carter, J. L. (1992). Lunar Material Resources: An Overview. in Space resources: materials, 19—
49,

Castelein, S. M., Aarts, T. F., Schleppi, J., Hendrikx, R., Bottger, A. J., Benz, D., Marechal, M.,
Makaya, A., Brouns, S. J., Schwentenwein, M., Meyer, A. S., & Lehner, B. A. E. (2021). Iron
can be microbially extracted from Lunar and Martian regolith simulants and 3D printed into
tough structural materials. PL0S ONE, 16(4 e0249962), 1-21.
https://doi.org/10.1101/2020.11.15.382614

Cockell, C. S., and Santomartino, R. “Mining and Microbiology for the Solar System Silicate and
Basalt Economy,” in Space Manufacturing Resources: Earth and Planetary Exploration
Applications, eds. V. Hessel, J. Stoudemire, H. Miyamoto, and I. D. Fisk (Wiley), in press.

Cockell, C. S., Santomartino, R., Finster, K., Waajen, A. C., Eades, L. J., Moeller, R., et al. (2020).
Space station biomining experiment demonstrates rare earth element extraction in microgravity
and Mars gravity. Nature Comms. 11:5523. https://doi.org/10.1038/s41467-020-19276-w

Cockell, C. S., Santomartino, R., Finster, K., Waajen, A. C., Nicholson, N., Loudon, C. M., ... &
Demets, R. (2021). Microbially-enhanced vanadium mining and bioremediation under micro-
and Mars gravity on the International Space Station. Frontiers in Microbiology, 12, 663.
https://doi.org/10.3389/fmich.2021.641387



https://doi.org/10.1016/j.pss.2012.08.012
https://doi.org/10.3389/fspas.2021.700370
https://doi.org/10.1007/s00248-001-1019-3
https://doi.org/10.1007/978-1-4939-1667-2_7
https://doi.org/10.3389/fspas.2021.711550
https://doi.org/10.1017/S1473550420000300
https://doi.org/10.2138/GSELEMENTS.16.5.361
https://doi.org/10.3389/fmicb.2012.00203
https://doi.org/10.1101/2020.11.15.382614
https://doi.org/10.1038/s41467-020-19276-w
https://doi.org/10.3389/fmicb.2021.641387

Topical: Biologically Facilitated Processes Towards Sustainable Space Exploration

de Rooij, A. (2010). Corrosion in Space. Encyclopedia of Aerospace Engineering, 1-10.
https://doi.org/10.1002/9780470686652.eae242

Fang X, Wang Y, Wang Z, Jiang Z, Dong M. Microorganism Assisted Synthesized Nanoparticles
for Catalytic Applications. Energies. 2019; 12(1):190. https://doi.org/10.3390/en12010190

Franz, H. B., King, P. L., and Gaillard, F. (2019). “Sulfur on Mars from the atmosphere to the
core,” in Volatiles in the Martian Crust, ed. E. Inc., 119-183. https://doi.org/10.1016/B978-0-
12-804191-8.00006-4

Gadd GM. Metals, minerals and microbes: geomicrobiology and bioremediation. Microbiology
(Reading). 2010 Mar;156(Pt 3):609-643. https://doi.org/10.1099/mic.0.037143-0

Goadia, F., Albiol, J., Montesinos, J. L., Pérez, J., Creus, N., Cabello, F., Mengual, X., Montras,
A., & Lasseur, C. (2002). MELISSA: A loop of interconnected bioreactors to develop life
support in Space. Journal of Biotechnology, 99(3), 319-330. https://doi.org/10.1016/S0168-
1656(02)00222-5

Héder DP. On the Way to Mars-Flagellated Algae in Bioregenerative Life Support Systems Under
Microgravity Conditions. Front Plant Sci. 2020 Jan 8;10:1621.
https://doi.org/10.3389/fpls.2019.01621.

Janssen, P. J., van Houdt, R., Moors, H., Monsieurs, P., Morin, N., Michaux, A., Benotmane, M.
A., Leys, N., Vallaeys, T., Lapidus, A., Monchy, S., Médigue, C., Taghavi, S., McCorkle, S.,
Dunn, J., van der Lelie, D., & Mergeay, M. (2010). The complete genome sequence of
Cupriavidus metallidurans strain CH34, a master survivalist in harsh and anthropogenic
environments. PLoS ONE, 5(5), €10433. https://doi.org/10.1371/journal.pone.0010433

Keller, R. J., Porter, W., Goli, K., Rosenthal, R., Butler, N., & Jones, J. A. (2021). Biologically-
based and physiochemical life support and in situ resource utilization for exploration of the
solar system—reviewing the current state and defining future development needs. Life, 11(8).
https://doi.org/10.3390/1ife11080844

Lehner, B, Haenggi, C., Schleppi, J., Brouns, S., Cowley, A, Meyer, A (2018). Bacterial
Modification Of Lunar And Martian Regolith For Plant Growth In Life Support Systems. 69th
International Astronautical Congress 2018, ID: 42645, Conference paper

Leitdo, A. L. (2009). Potential of Penicillium species in the bioremediation field. International
Journal of Environmental Research and Public Health, 6(4), 1393-1417.
https://doi.org/10.3390/ijerph6041393

Liu, Y., Ma, C., Beckett, J. R., Chen, Y., & Guan, Y. (2016). Rare-earth-element minerals in
martian breccia meteorites NWA 7034 and 7533: Implications for fluid—rock interaction in the
martian  crust. ~ Earth and  Planetary  Science  Letters, 451, 251-262.
https://doi.org/10.1016/j.epsl.2016.06.041

Matsumura Y, Akahira-Moriya A, Sasaki-Mori M. Bioremediation of bisphenol-A polluted soil
by Sphingomonas bisphenolicum AOL1 and the microbial community existing in the soil.
Biocontrol Sci. 2015;20(1):35-42. PMID: 25817811. https://doi.org/10.4265/bi0.20.35

McLeod, C. L., & Krekeler, M. (2017). Sources of extraterrestrial rare earth elements: to the Moon
and beyond. Resources, 6(3), 40. https://doi.org/10.3390/resources6030040

Montague, M., McArthur, G. H., Cockell, C. S., Held, J., Marshall, W., Sherman, L. A,, et al.
(2012). The role of synthetic biology for in situ resource utilization (ISRU). Astrobiology 12,
1135-1142. https://doi.org/10.1089/ast.2012.0829

Mujah, D., Shahin, M. A., & Cheng, L. (2017). State-of-the-art review of biocementation by
microbially induced calcite precipitation (MICP) for soil stabilization. Geomicrobiology
Journal, 34(6), 524-537._https://doi.org/10.1080/01490451.2016.1225866



https://doi.org/10.1002/9780470686652.eae242
https://doi.org/10.3390/en12010190
https://doi.org/10.1016/B978-0-12-804191-8.00006-4
https://doi.org/10.1016/B978-0-12-804191-8.00006-4
https://doi.org/10.1099/mic.0.037143-0
https://doi.org/10.1016/S0168-1656(02)00222-5
https://doi.org/10.1016/S0168-1656(02)00222-5
https://doi.org/10.3389/fpls.2019.01621
https://doi.org/10.1371/journal.pone.0010433
https://doi.org/10.3390/life11080844
https://doi.org/10.3390/ijerph6041393
https://doi.org/10.1016/j.epsl.2016.06.041
https://doi.org/10.4265/bio.20.35
https://doi.org/10.3390/resources6030040
https://doi.org/10.1089/ast.2012.0829
https://doi.org/10.1080/01490451.2016.1225866

Topical: Biologically Facilitated Processes Towards Sustainable Space Exploration

Nangle, S. N., Wolfson, M. Y., Hartsough, L., Ma, N. J., Mason, C. E., Merighi, M., Nathan, V.,
Silver, P. A., Simon, M., Swett, J., Thompson, D. B., & Ziesack, M. (2020). The case for
biotech on Mars. Nature Biotechnology, 38(4), 401-407. https://doi.org/10.1038/s41587-020-
0485-4

Nilgiriwala, K. S., Alahari, A., Rao, A. S., & Apte, S. K. (2008). Cloning and overexpression of
alkaline phosphatase PhoK from Sphingomonas sp. strain BSAR-1 for bioprecipitation of
uranium from alkaline solutions. Applied and environmental microbiology, 74(17), 5516-
5523. https://doi.org/10.1128/AEM.00107-08

Ojuederie, O. B., & Babalola, O. O. (2017). Microbial and plant-assisted bioremediation of heavy
metal polluted environments: a review. International journal of environmental research and
public health, 14(12), 1504. https://doi.org/10.3390/ijerph14121504

Patel A., Enman J., Gulkova A., Guntoro P.l., Dutkiewicz A., Ghorbani Y., Rova U.,
Christakopoulos P., Matsakas L., (2021) Integrating biometallurgical recovery of metals with
biogenic synthesis of nanoparticles, Chemosphere, 263,128306.
https://doi.org/10.1016/j.chemosphere.2020.128306

Santomartino, R., Waajen, A. C., de Wit, W., Nicholson, N., Parmitano, L., Loudon, C.-M., et al.
(2020). No effect of microgravity and simulated Mars gravity on final bacterial cell
concentrations on the International Space Station: applications to space bioproduction. Front.
Microbiol. 11:579156. https://doi.org/10.3389/fmich.2020.579156

Schippers, A., Hedrich, S., Vasters, J., Drobe, M., Sand, W., and Willscher, S. (2013). Biomining:
Metal Recovery from Ores with Microorganisms. Geobiotechnology 1. Adv. Biochem. Eng.
141, 1-47. https://doi.org/10.1007/10 2013 216

Seifan, M., Samani, A. K., & Berenjian, A. (2016). Induced calcium carbonate precipitation using
Bacillus species. Applied Microbiology and Biotechnology, 100(23), 9895-9906.
https://doi.org/10.1007/s00253-016-7701-7

Singh, S., U. M. Bhatta, P. V. Satyam, A. Dhawan, M. Sastry and B. L. V. Prasad (2008).
"Bacterial synthesis of silicon/silica nanocomposites.” Journal of Materials Chemistry 18(22):
2601-2606. https://doi.org/10.1039/b719528a

Urbina, J., Patil, A., Fujishima, K., Paulino-Lima, I. G., Saltikov, C., & Rothschild, L. J. (2019).
A new approach to biomining: Bioengineering surfaces for metal recovery from aqueous
solutions. Scientific Reports 2019 9:1, 9(1), 1-11. https://doi.org/10.1038/s41598-019-52778-
2

Vermeer, C. M., Rossi, E., Tamis, J., Jonkers, H. M., & Kleerebezem, R. (2021). From waste to
self-healing concrete: A proof-of-concept of a new application for polyhydroxyalkanoate.
Resources, Conservation and Recycling, 164, 105206.
https://doi.org/10.1016/J.RESCONREC.2020.105206

Volger, R., Pettersson, G. M., Brouns, S. J. J., Rothschild, L. J., Cowley, A., and Lehner, B. A. E.
(2020). Mining Moon and Mars with microbes: biological approaches to extract iron from
Lunar and Martian regolith. Planetary Space Sci. 184:104850.
https://doi.org/10.1016/j.pss.2020.104850



https://doi.org/10.1038/s41587-020-0485-4
https://doi.org/10.1038/s41587-020-0485-4
https://doi.org/10.1128/AEM.00107-08
https://doi.org/10.3390/ijerph14121504
https://doi.org/10.1016/j.chemosphere.2020.128306
https://doi.org/10.3389/fmicb.2020.579156
https://doi.org/10.1007/10_2013_216
https://doi.org/10.1007/s00253-016-7701-7
https://doi.org/10.1039/b719528a
https://doi.org/10.1038/s41598-019-52778-2
https://doi.org/10.1038/s41598-019-52778-2
https://doi.org/10.1016/J.RESCONREC.2020.105206
https://doi.org/10.1016/j.pss.2020.104850

