Viruses as Modulators of Cellular Metabolism: Implications for Human
Health and Life-Support Systems in Space
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Abstract

Space exploration requires life-support systems for the needs of humans, plants, and their
microbial inhabitants. Virus-host interactions in spaceflight are poorly understood, but viral effects
on microbes and plants are critical to Earth’s biosphere and human health. Viral relationships with
their hosts respond to environmental changes in complex ways which are difficult to predict by
extrapolating from Earth-based proxies. These relationships must therefore be studied in space to
fully understand the effect of spaceflight on human health and life-support systems.
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How do organisms and virus-host interactions impact human habitability in space
environments?

Microbes and viruses have played an indispensable role in the evolution of Earth’s biosphere.
Through microbial metabolic processes, microbes are the primary biological drivers for cycling
most of the major elements required for life [1] and these roles will be vital for making human-led
deep space flight missions possible. Viruses that infect these microbes are responsible for
maintaining and promoting diversity and evolution by lysis of dominant hosts and horizontal gene
transfer. Contrary to popular belief, a virus infecting a cell is not instantly nor invariably fatal.
Rather, viral infection typically changes a microbe’s metabolic outputs, in ways that are not yet
fully characterized nor understood. The widespread and frequent detection of genes used by
viruses to hijack the metabolism of their host cell(s) and manipulate them, in order to either remain
intracellular for prolonged periods of time or produce progeny viruses, strengthens the need for a
conceptual shift, in which infected cells are understood as unique resulting entities, which can be
referred to as virocells [2-3]. Virocells undoubtedly are already an unrecognized component of
human environments in spaceflight, and their effects on life support systems should therefore be
characterized and understood.

Environmental control and life support systems (ECLSS) are imperative for supporting human
spaceflight. These technologies, flight-proven on the International Space Station (ISS), provide or
control air composition and temperature, food and water, and waste remediation. However, long
duration missions beyond Low Earth Orbit (LEO) will need robust alternatives that do not rely on
frequent resupply missions [4]. Closing the carbon loop through bioregenerative technologies is
one approach for providing ECLSS for spaceflight beyond LEO. Algal photobioreactors can
remove CO2, create Oz, remove or alter waste, and produce edible biomass [5]. These
photobioreactors were recently shown to withstand the dynamic temperature environment
experienced within the ISS thermal control loops [6-7]. Preliminary spaceflight studies using algae
for ECLSS observed thriving cultures [8-9]. Likewise, extremophilic algae, lichen, cyanobacteria
and fungi included in experiments mounted on the outside of the ISS and Space Shuttle, survived
week to month-long missions [10-11]. However, these studies did not characterize the microbiome
within the non-axenic cultures. Understanding potential biome or virome shifts within these
systems over long durations may elucidate the need for specific algal species selection, viral or
bacterial-based system failures, and any operational considerations [5].

Additionally, biofouling of photobioreactors or any other ISS system, especially wetted surfaces,
causes significant system downtime and need for crew time for maintenance and repairs [12].
Including system designs that minimize biofouling through characterization of the composition of
these biofilms, their biome evolution, and interaction with spaceflight systems may reduce mission
dependency on resupply missions. Chemosynthetic organisms, or those that create their own food
not with sunlight but from chemical energy from inorganic compounds [13-14], could be co-opted
specifically to remove wastes, recycle nutrients, or even provide an additional energy source to
support human life during space flights.

Spaceflight stresses biological systems, including immune systems that fight virus infections, but
these effects are not fully understood [15]. The reaction of viruses to microgravity is poorly known,



for not only human viruses, but also for viruses infecting components of the human microbiome
and proposed life support organisms. After 6-12 months in space, astronauts have significant
changes in their microbiome that lead to rashes and hypersensitivity episodes, warranting further
investigation of the effects of long-term exposure from the space environment on humans and their
microbes and viruses [16]. Moreover astronauts, subjected to the stresses of spaceflight, experience
reactivation of latent viruses, such as herpes simplex virus [17].

Plant viruses are a threat for sustainable agriculture and disease management relies strongly on a
fast and accurate identification of the virus. There have been efforts to grow plants on the ISS for
CO2 removal and O2 production, to provide a source of multivitamins, to reuse urine, and to
promote psychological well-being [18]. Many plants have been grown under microgravity
including flowers, herbs, and vegetables. Due to the stress of spaceflight, viral infection of these
plants is a major concern and a recent study found that spaceflight factors significantly affect
tomato plants [18]. They increased the productivity of the plants and the concentration of some
vitamins such as carotenoids, which are important for astronauts on long-term space missions.
Importantly, plants grown from seeds that were in space for a half of a year, were resistant to viral
infection. Moreover, the resilience of seeds from many plant species (among other organisms)
were tested by keeping them outside the ISS for 558 or 682 days, exposing them to high levels of
radiation [19]. All plant seeds could germinate after the shorter flight, but only plant seeds with a
stronger coat could survive the longer radiation exposure. While these studies show promise for
plants on long-term spaceflights, there is limited understanding of their viruses on short flights and
no information for long-tem flights.

Clearly, viruses, microbes, and plants will be critical factors in astronaut health and safety. To
enable long-duration crewed missions beyond low Earth orbit, it is essential to understand the
influence of the space environment on viruses, their hosts, and their interactions, both within the
human body and in life-support systems.

Future directions

a) Characterize human, algal, plant, and microbial viruses in space environments, including the
ISS

b) Characterize biofilm composition and growth dynamics in human, algal, and plant systems in
space environments

c) Assess triggers that cause latent infections to become virulent in a space environment

How do microbes and viruses persist in harsh environments including human built
spacecraft?

Extreme environments on Earth, including environments in our daily experience such as plumbing
and mining sites, illustrate the remarkable potential for viruses to persist and interact with hosts
under unexpected conditions. Diverse viruses have been shown to persist in inhospitable
conditions such as droplets suspended in the atmosphere [20], permafrost-associated soils [21-23]
or other icy environments such as ice cores or cryoconite holes [24—-26] and even ice cubes [27],
hot springs [28-29] and domestic hot water systems [30], chemically harsh conditions [31], and



deep-sea sediments [32-33]. Furthermore, virus remnants are present in most cellular genomes,
especially in humans where viruses play key roles in human physiology [34-35]. Viruses have
evolved multiple mechanisms to survive these conditions and in doing so, often also protect their
host. For instance, viruses can confer heat tolerance to their host [36] or carry genes for sporulation
so the host can form an inactive spore that is robust to unfavorable conditions [22; 37]. Harsh
environments such as polar regions or hydrothermal vents also have a higher incidence of
temperate viruses, which have the capability of residing within their microbial hosts (lysogeny)
until conditions are favorable for viral replication [38-39]. While in this lysogenic state within
their hosts, viruses still can express genes that alter their microbial host’s physiology and
metabolism, increasing the host cell’s ability to survive conditions in which resources are limited,
including in sea ice environments [40-41].

Microbes have also evolved many mechanisms for surviving harsh conditions even without viral
infection. One mechanism for surviving desiccation is anhydrobiosis, in which water is expelled
from the cells of the organism and all metabolic processes are stopped [42]. Through
anhydrobiosis, these microorganisms can survive a range of chemical and physical conditions over
the course of decades [42]. Rotifers, tardigrades, and nematodes have all been shown to use
anhydrobiosis to survive the harsh conditions of space [43-50]. Recently, cyanobacteria have been
revived after a 672-day exposure to space outside of the ISS [51]. Dormant states such as
anhydrobiosis raise the question of how long organisms in these states may remain viable,
however. Cyanobacteria in Antarctica have been recorded metabolizing within a week after
rewetting following 20—30 years without stream flow [52]. Cyanobacteria are not alone, nematodes
have been revived from 30,000 old permafrost in Siberia [53] and rotifers in northeastern Siberia
revived from 24,000 year old permafrost [54]. Microbes living in low-energy conditions in the
South Pacific Gyre have even retained their metabolic response after 101.5 million years [55].
Some organisms not only survive via dormancy, but actively grow under extreme conditions. In
the dry tephra at 6,000 m.a.s.l. on Atacama volcanoes, the thin atmosphere and low precipitation
leads to the highest recorded UV fluxes on Earth’s surface and daily fluctuations across the
freezing point [56]. The dominant organism in this site is a metabolically-versatile yeast in the
genus Naganishia that actively grows even during extreme diurnal freeze—thaw cycles [57-58].
This organism provides a template for the type of life that may not just persist but grow in space-
like environments [59].

These data show the potential for organisms to survive and even grow in space-like environments,
but there is no research on virus, virus-virus, or virus-host interactions in space environments. It
is critical to evaluate the effect of viruses on organisms, because in other harsh environments virus-
host interactions are fundamentally different [38] compared to ideal environments — for example
viruses have been shown to allow photosynthesis in cyanobacteria under desiccating conditions
[60]. It is now feasible to computationally integrate how functions encoded in virus genomes
interact with material and energy resources of their hosts to predict the timing and levels of virus
growth [61]. This capability should be deployed with respect to characterizing viral activity in
human-supporting environments in space. Similar virus-host interactions are likely wherever we
take life, and it is thus critical to expand our understanding of these interactions on Earth to enable
the detection and identification of such phenomena during space missions.



Future directions

a) Obtain a better molecular understanding of how viruses hijack their host cellular machinery
in a space environment

b) Explore the broad range of virus-host interactions in spaceflight

¢) Quantitatively estimate the role and impact(s) of virocell metabolism in space flight
environments

Conclusion

Safe and effective pursuits in deep space travel will require a thorough understanding of the
human microbiome in space, including viruses. Viruses are also key contributors to Earth’s
ecosystems via lysis of microbial cells and modulation of their metabolism, yet there are major
unknowns regarding how their dynamics change in a space environment, how they guide the
microorganisms that they inhabit, and how they in turn impact life support systems and human
microbiomes future human spaceflight missions. This topical white paper raises key questions
about viruses that infect humans and microbes across several ecosystems (e.g., human, marine,
and soil) that need to be examined specifically in space to understand the effects of the
spaceflight environment on biology.



References

[1] Falkowski et al. 2008. Science, 320 p. 1034-1039. [2] Forterre, P. 2011. Comptes Rendus
Chimie, 14(4), pp.392-399. [3] Forterre, P. 2013. ISME J 7(2):233-236. [4] Anderson, M., et al.,
2019. 49th International Conference on Environmental Systems. [5] Matula, E.E. and Nabity,
J.A., 2019. Life sciences in space research, 20, pp.35-52. [6] Matula, E.E., Nabity, J.A. and
McKnight, D.M., 2021. Erontiers in Microbiology, p.2348. [7] Matula, E.E. and Nabity, J.A.,
2021. Life Sciences in Space Research, 29, pp.73-84. [8] Helisch, H., et al., 2020. Life Sci. Sp.
Res. 24, 91-107. [9] Poughon, L., et al., 2020. Life Sci. Sp. Res. 25, 53-65. [10] de Vera et al.
2019. Astrobiology 19, 145-157. [11] Malavasi et al. 2020. J. Phycol. 56, 559-573. [12] Zea, L.,
et al., 2018. Acta Astronaut. 148, 294-300. [13] Gaillard F & Scaillet B. 2009. Earth and
Planetary Science Letters. 279(1-2):34-43. [14] Smith C. 2012. Biogeosciences Discuss., 9,
17037-17052. [15] Crucian, B.E. et al. 2008. AVIAT SPACE ENVIR MD, 79(9), pp.835-843.
[16] Voorhies, A.A. et al. 2019. Scientific reports, 9(1), pp.1-17. [17] Rooney, B. V. et al. 2019.
Front Microbiol 10 16.. [18] Dzhos, E., et al., 2021. Horticulturae, 7(5), p.89. [19] Tepfer, D. and
Leach, S., 2017. Astrobiology, 17(3), pp.205-215. [20] Reche, I. et al. 2018. The ISME j., 12(4),
pp.1154-1162. [21] Trubl G., et al. 2021. Microbiome, 9(1), pp.1-15. [22] Trubl, G. et al. 2018.
MSystems, 3(5). [23] Emerson, J.B. et al.2018. Nature microbiology, 3(8), pp.870-880. [24]
Wells, L.E. and Deming, J.W. 2006. Env. Microbiology, 8(6), pp.1115-1121. [25] Zhong, Z.P, et
al. 2020. Msystems, 5(3). [26] Sommers, P. et al. 2020. Viruses, 11(11), p.1022. [27] Jalava, K.,
et al., 2018. Epidemiology & Infection 147:1-6. [28] Laidler, J.R. and Stedman, K.M. 2010.
Astrobiology, 10(6), pp.569-576. [29] Laidler, J.R. et al. 2013. J. of virology, 87(24), pp.13927-
13929. [30] Dublineau A, et al., 2011. PLoS ONE 6(11): e28043. [31] Gupta, K. Lee, Y. & Yin,
J. (1995). J. of Molecular Evolution, 41(2), 113-114. [32] Engelhardt, T. Orsi, W.D. and
Jorgensen, B.B. 2015. Environmental microbiology reports, 7(6), pp.868-873. [33] Cai, L. et al.
2019. The ISME j., 13(7), pp.1857-1864. [34] Bannert, N. and Kurth, R. 2004. PNAS, 101(suppl
2), pp.14572-14579. [35] Arneth, B., 2021. Brain Structure and Function, pp.1-10. [36]
Marquez, L.M. et al. 2007. Science, 315(5811), pp.513-515. [37] Van Goethem, M.W. et al.
2019. Mbio, 10(6). [38] Brum et al. 2016. The ISME Journal, 10 p. 437-449. [39] Anderson et al.
2014. PLoS One 9 €109696. [40] Chen et al., 2005. PLoS Biology 3 €229. [41] Yu et al. 2015.
The ISME Journal 9. p871-881. [42] Welnicz 2011. Journal of Insect Physiology, 57,5, p. 577-
583. [43] Ricci et al. 2004. Invertebrate Biology, 123, 4, p. 283-288. [44] Jonsson et al. 2008.
Current Biology, 18, 17. p. 729-731. [45] Jonsson and Wojcik 2017. Astrobiology, 17, 2, p. 163-
167. [46] Hespeels et al. 2020. Frontiers in Microbiology, 11, p. 1-14. [47] Weronika and Lukasz
2017. Origins of Life and Evolution of Biospheres, 47, p. 545-553. [48] Merino et al. 2019.
Frontiers in Microbiology, 10, p.1-25. [49] Kaplan et al 2020. Nature Partner Journals:
Microgravity, 20, p. 1-9. [50] Willis et al. 2020. iScience, 23, p. 1-12. [51] Laranjeiro et al. 2021.
iScience, 24, 2, p. 1-16. [51] Mosca, C., et al., 2021. Astrobiology, 21(5), pp.541-550. [52]
McKnight et al. 2007. Geomorphology, 89, 1-2, p. 186-204. [53] Shatilovich et al. 2018.
Doklady Biological Sciences, 480, p.100-102. [54] Shmakova et al. 2021. Current Biology, 31,
11, p. 712-713. [55] Morono et al. 2020. Nature Communications, 11 p. 1-9. [56] Schmidt, S.K.,
et al., 2018. Antonie Van Leeuwenhoek, 111(8), pp.1389-1401. [57] Vimercati, L., et al., 2016.
Extremophiles, 20(5), pp.579-588. [58] Schmidt, S.K., et al., 2017. Mycology, 8(3), pp.153-163.
[59] Johnson P.A., et al. 2021. LPI Contrib. No. 2548, id.1081. [60] Azua-Bustos, A., et al.,2012.

5


https://www.science.org/doi/abs/10.1126/science.1153213
https://www.sciencedirect.com/science/article/pii/S1631074810001724
https://www.sciencedirect.com/science/article/pii/S1631074810001724
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3554396/
https://ttu-ir.tdl.org/handle/2346/84496
https://pubmed.ncbi.nlm.nih.gov/30797433/
https://www.frontiersin.org/articles/10.3389/fmicb.2021.709746/full
https://www.frontiersin.org/articles/10.3389/fmicb.2021.709746/full
https://pubmed.ncbi.nlm.nih.gov/33888291/
https://www.sciencedirect.com/science/article/pii/S2214552419300148
https://www.sciencedirect.com/science/article/pii/S2214552419300148
https://www.sciencedirect.com/science/article/pii/S2214552419300148
https://www.sciencedirect.com/science/article/pii/S2214552420300158?casa_token=1B1RJgMGZcMAAAAA:JcqyLVZysv6NGrjSNwhJnpauv0GklxKmqXD94P0Uw6Jj_QKQPTEwCVZzSfvv08GuXhdP_VDbEg
https://www.sciencedirect.com/science/article/pii/S2214552420300158?casa_token=1B1RJgMGZcMAAAAA:JcqyLVZysv6NGrjSNwhJnpauv0GklxKmqXD94P0Uw6Jj_QKQPTEwCVZzSfvv08GuXhdP_VDbEg
https://www.liebertpub.com/doi/10.1089/ast.2018.1897
https://www.liebertpub.com/doi/10.1089/ast.2018.1897
https://onlinelibrary.wiley.com/doi/abs/10.1111/jpy.12965
https://onlinelibrary.wiley.com/doi/abs/10.1111/jpy.12965
https://www.sciencedirect.com/science/article/pii/S0094576517317083
https://www.sciencedirect.com/science/article/pii/S0094576517317083
https://hal-insu.archives-ouvertes.fr/insu-00361741/document
https://hal-insu.archives-ouvertes.fr/insu-00361741/document
https://bg.copernicus.org/preprints/bg-2012-537/
https://bg.copernicus.org/preprints/bg-2012-537/
https://pubmed.ncbi.nlm.nih.gov/18785351/
https://www.nature.com/articles/s41598-019-46303-8
https://www.frontiersin.org/articles/10.3389/fmicb.2019.00016/full
https://www.liebertpub.com/doi/full/10.1089/ast.2015.1457
https://www.liebertpub.com/doi/full/10.1089/ast.2015.1457
https://www.liebertpub.com/doi/full/10.1089/ast.2015.1457
https://www.liebertpub.com/doi/full/10.1089/ast.2015.1457
https://pubmed.ncbi.nlm.nih.gov/29379178/
https://pubmed.ncbi.nlm.nih.gov/29379178/
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-021-01154-2
https://msystems.asm.org/content/3/5/e00076-18
https://www.nature.com/articles/s41564-018-0190-y
https://pubmed.ncbi.nlm.nih.gov/16689732/
https://msystems.asm.org/content/5/3/e00246-20
https://www.mdpi.com/1999-4915/11/11/1022
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6518581/
https://pubmed.ncbi.nlm.nih.gov/20735248/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3838281/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3838281/
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0028043
https://link.springer.com/article/10.1007/BF00170661
https://pubmed.ncbi.nlm.nih.gov/26109514/
https://www.nature.com/articles/s41396-019-0397-9
https://pubmed.ncbi.nlm.nih.gov/15310846/
https://pubmed.ncbi.nlm.nih.gov/15310846/
https://link.springer.com/article/10.1007/s00429-021-02306-8
https://link.springer.com/article/10.1007/s00429-021-02306-8
https://pubmed.ncbi.nlm.nih.gov/17255511/
https://mbio.asm.org/content/10/6/e02287-19
https://www.nature.com/articles/ismej2015125
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0109696
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.0030229
https://www.nature.com/articles/ismej2014185
https://www.sciencedirect.com/science/article/pii/S0022191011000874?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0022191011000874?via%3Dihub
https://www.jstor.org/stable/3701469
https://www.cell.com/current-biology/fulltext/S0960-9822(08)00805-1?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0960982208008051%3Fshowall%3Dtrue
https://www.liebertpub.com/doi/full/10.1089/ast.2015.1462?casa_token=eg3wdKIhSbcAAAAA%3AZn5MO42T5TmftIiPdvU2RX4EKK3QVkBTSsdbw2smRMg4cKYjELPcfIO7hn_ykYUYribby7fbPjKeLGw
https://www.liebertpub.com/doi/full/10.1089/ast.2015.1462?casa_token=eg3wdKIhSbcAAAAA%3AZn5MO42T5TmftIiPdvU2RX4EKK3QVkBTSsdbw2smRMg4cKYjELPcfIO7hn_ykYUYribby7fbPjKeLGw
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01792/full?utm_source=researcher_app&utm_medium=referral&utm_campaign=RESR_MRKT_Researcher_inbound
https://link.springer.com/article/10.1007/s11084-016-9522-1
https://www.frontiersin.org/articles/10.3389/fmicb.2019.00780/full
https://www.nature.com/articles/s41526-020-00110-y
https://www.nature.com/articles/s41526-020-00110-y
https://www.cell.com/iscience/fulltext/S2589-0042(20)30931-7?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2589004220309317%3Fshowall%3Dtrue
https://www.sciencedirect.com/science/article/pii/S2589004221000730
https://www.liebertpub.com/doi/abs/10.1089/ast.2020.2359
https://www.liebertpub.com/doi/abs/10.1089/ast.2020.2359
https://www.liebertpub.com/doi/abs/10.1089/ast.2020.2359
https://www.liebertpub.com/doi/abs/10.1089/ast.2020.2359
https://www.sciencedirect.com/science/article/pii/S0169555X06003667?via%3Dihub
https://link.springer.com/article/10.1134/S0012496618030079
https://www.cell.com/current-biology/fulltext/S0960-9822(21)00624-2?utm_source=EA
https://www.cell.com/current-biology/fulltext/S0960-9822(21)00624-2?utm_source=EA
https://www.nature.com/articles/s41467-020-17330-1
https://link.springer.com/article/10.1007/s10482-018-1066-0
https://link.springer.com/article/10.1007/s10482-018-1066-0
https://link.springer.com/article/10.1007/s10482-018-1066-0
https://link.springer.com/article/10.1007/s10482-018-1066-0
https://link.springer.com/article/10.1007%2Fs00792-016-0844-8
https://www.tandfonline.com/doi/full/10.1080/21501203.2017.1344154
https://www.tandfonline.com/doi/full/10.1080/21501203.2017.1344154
https://www.tandfonline.com/doi/full/10.1080/21501203.2017.1344154
https://www.tandfonline.com/doi/full/10.1080/21501203.2017.1344154
https://ui.adsabs.harvard.edu/abs/2021LPI....52.1081J/abstract

Frontiers in microbiology, 3, p.426. [61] Yin, J. and Redovich, J. 2018. Microbiology and
Molecular Biology Reviews, 82(2). [62]

Funding sources:
G.T.’s work conducted by the Lawrence Livermore National Laboratory (LLNL) was supported

by LLNL LDRD 21-LW-060, and under the auspices of the DOE under contract DE-AC52-
07NA27344.


https://internal-journal.frontiersin.org/articles/10.3389/fmicb.2012.00426/full
https://internal-journal.frontiersin.org/articles/10.3389/fmicb.2012.00426/full
https://internal-journal.frontiersin.org/articles/10.3389/fmicb.2012.00426/full
https://internal-journal.frontiersin.org/articles/10.3389/fmicb.2012.00426/full
https://mmbr.asm.org/content/82/2/e00066-17
https://mmbr.asm.org/content/82/2/e00066-17

