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Investigating the survival limits of extremophilic
microorganisms exposed to simulated space
conditions can shed light on the ability of terrestrial
microorganisms to survive and propagate on
other planetary bodies. Although microbes can be
found in all environmental niches on Earth, this
study focuses on psychrophilic and psychrotolerant
microorganisms (prokaryotes and eukaryotes) which
have been isolated from locations of interest such
as icy moon analogue environments (e.g. Canadian
high arctic, Antarctica) and cleanrooms, which
might be relevant for forward planetary protection.
Our research aimed to reproduce conditions for
microorganisms on spacecraft travelling to the outer
solar system which could contaminate the icy moon’s
subsurface oceans. The microorganisms were grown
under oligotrophic conditions in minimal media
supplemented with only a single carbon source and
exposing them to extreme conditions, in terms of
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temperature fluctuations, in terms of freeze and thaw cycles, and radiation, as they occur
during the space travel to the outer solar system. Our results in combination with future
metagenome data and phenotype prediction tools will allow the identification of planetary
protection relevant microorganisms in spacecraft assembly cleanrooms and on spacecraft and
support the development of a target-oriented planetary protection constraints for missions to
the icy moons.

This article is part of the theme issue ‘Planetary Protection for sustainable space
exploration’.

1. Introduction

Exposing extremophilic and non-extremophilic microorganisms to simulated space conditions
has been extensively researched [1-4]. This knowledge plays a vital role in understanding
the survival limits of a range of microbial species and will give insight into how and if such
organisms could survive on other planetary bodies. Assessing the bioburden of a spacecraft
prior to launch has been performed since the first robotic mission to Mars in the 1970s [5].
Such evaluations were the reasons for which the Viking missions (American space probes
which landed on Mars in 1976) were one of the first to include heat sterilization to reduce
the bioburden [6]. Spacecrafts are assembled in cleanrooms, sterilized through the use of heat,
chemicals and/or radiation, to reduce the microbial counts to target limits [7,8]. In addition,
cleanrooms are monitored frequently for bioburden to guarantee effective measures and to
determine which microbial species could potentially contaminate spacecraft, thereby providing
knowledge on contamination risk management and microbial survival [9- 11].

The Committee on Space Research (COSPAR), and here its panel on planetary protection is
tasked with developing a planetary protection policy and providing implementation guidelines
for compliance with the UN Outer Space Treaty of 1967 [12], to protect the Earth (backward
contamination) and celestial bodies from harmful contamination (forward contamination).
In regards to icy moon exploration, the panel has focused on psychrophilic/psychrotolerant
microorganisms capable of growing between 20 and -20°C, and therefore posing a risk
of microbial contamination for icy moon environments. Having identified microorganisms
capable of growing until -20°C and to entrust tight guidelines for forward planetary protection
of the icy moons, the planetary protection policy has adopted a —28°C temperature threshold
for replication [13]. Therefore, the assembly and preparation of spacecraft which will travel
to icy moons should adhere to the updated policy. This is even more relevant since one
of the organisms investigated in this study was isolated in a spacecraft assembly facility
(SAF) cleanroom. It is essential to follow planetary protection policies to avoid the unwanted
contamination of sites of astrobiological interest.

In the context of this paper, we define icy moons as celestial bodies orbiting a planet of
the outer solar system which have an icy surface with a subsurface liquid ocean. Currently,
two missions are being conducted, including ESA’s JUICE and NASA'’s Europa Clipper mission,
which at the time of writing are both heading for the Jupiter system. These missions have
been prepared based on knowledge gained by the Cassini-Huygens mission to the Saturn
system which has helped to understand the geological characteristics of the icy moons [14,15].
These celestial bodies are of interest owing to their peculiar environmental characteristics,
which could harbour life [16]. On Enceladus, a moon of Saturn, the environmental conditions,
potentially suitable for life as we know it on Earth are determined by a subsurface ocean
below a 30 to 40 km thick ice layer [17]. Furthermore, plume analysis from the Cassini mission
has shown how organic material is being continuously ejected from the subsurface [14]. This
cryovulcanism effect has also been shown to take place on Europa, one of Jupiter’s moon,
which harbours a subsurface ocean under a thicker ice layer of approximately 100 km [18].
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Despite difficulties in accessing the subsurface ocean characteristics of the icy moons, the
kilometre-thick ice layer would protect microbes against cosmic radiation. Researchers have
shown how even a less thick ice layer would protect from ionizing and non-ionizing radiation
on Enceladus [19,20]. Simulation studies to investigate microbial survival, have been suggested
to be performed to close knowledge gaps ahead of future space missions including tempera-
ture, desiccation, UV-C and polychromatic UV radiation, low (Mars-relevant) pressure and
synergistic effects of biocidal factors [13,21].

Psychrotolerants are not only of concern for planetary protection, but also for the food
industry as they can grow at locations where food is being stored and cause potential harm
after food ingestion [22,23]. At the same time, however, these microorganisms have also proven
to be very useful to the food industry as the contain enzymes capable of catalysing reactions
at low temperatures which are interesting for biotechnology and food processing applications
[24,25]. Based on the aforementioned reasons, this study wanted to investigate at least one
organism from each domain of life. The selection criteria of the chosen microorganisms were
based on growth temperature (capable of growing at subzero temperatures), growth on solid
media, visible growth within 48 h, and the capability to grow in minimal media supplemen-
ted with a single carbon source different from glucose. This is because carbon sources have
been identified in carbonaceous chondrites which have arrived on Earth and which could
have arrived on the icy moons as well [26]. Furthermore, icy moon subsurface ocean composi-
tion measurements have suggested a mineralogic composition containing carbon sources [27].
Literature research yielded a list of possible microbial candidates, table 1, including the bacteria
Planococcus halocryophilus Orl (DSM 24743) [28], Chromohalobacter sarecensis LV4 (DSM15547)
[29], Paenisporosarcina antarctica N-05 (DSM21991) [32], Psychromonas boydii 174 (DSM17665)
[33], Cryobacterium flavum Hh8 (DSM26475) [34] and Virgibacillus arcticus Hall (DSM19574) [35].
The archaea Halorubrum luteum CGSA15 (DSM23812) [36] and Halorhabdus tiamatea SARL4B
(DSM18392) [37] also fulfilled these criteria, as well as the yeast species Rhodotorula frigidalcoh-
olis JG1b [38] and Rhodotorula mucilaginosa Toulouse J8, A2-5 (DSM114276). The experimental
methodologies and subsequent results are presented without the inclusion of the archaeal
species and the bacterial species V. arcticus, C. flavum and P. boydii, owing to their inability to
grow in our minimal media and owing to their low growth rates.

Given the promising nature of both the (subsurface-)environment of the icy moons to
support life and of the microbial candidates isolated from analogue environments on Earth,
we developed several research questions to be tackled. These include: Can Earth-based life
survive on the icy moons? Can Earth-borne microorganisms survive a trip to the icy moons
by hitch-hiking on a spacecraft? What are the risks to planetary protection? We believe
the microbial candidates chosen for this research to be suited for answering these research
questions. Furthermore, this research would help in gaining knowledge to develop strategies to
tackle planetary protection concerns related to icy moon exploration.

2. Methods

(a) Growth in minimal media to determine optimal carbon source

The bacteria and yeast species were ordered from DSMZ (Leibniz-Institute DSMZ-Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany), with
the exception of R. frigidalcoholis which was kindly provided by Prof. Dr. Whyte from McGill
University, Montreal, Canada. The organisms were first grown on their respective liquid and
solid optimal media to determine viability, table 2. The organisms were then inoculated in
M9-complete minimal salts media containing the following: 47.8 mM NapHPOy,, 22.0 mM
KH,POy, 8.6 mM NaCl, 3.7 mM NH,Cl, 2 mM MgSQOy, 0.1 mM CaCl; and 0.02 mM Fe(IIT)Cl3,
with 0.2% (w/v) of differing carbon sources. This was performed to evaluate the growth, or lack
thereof, in M9 and to determine which carbon source would be chosen for the experiments.
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The carbon source choice was made based on the shortest time to reach late-exponential growth
phase with a cell concentration of at least 107 cells ml™. The evaluated carbon sources were D-
alanine (C3H;NOj;) purchased from Sigma-Aldrich, D-gluconic acid sodium salt (CgH11NaOy)
purchased from Fluorochem, D-glucose monohydrate (C¢H120¢) purchased from Merck and
only used as control, L-glutamic acid (CsHgNOy) purchased from Sigma-Aldrich, DL-glyceric
acid 20% in water (C3HgOy) purchased from Fluorochem and glycerol (C3HgO3) purchased
from Sigma-Aldrich. All experiments in this study were performed at least in biological
triplicates. Relative survival (N/Ng) described in each figure was determined for each experi-
ment as the number of colony-forming units (CFUs) of the microorganisms grown in media
(Np) divided by the CFUs of the microorganisms surviving the exposed conditions (N).

(b) Exposure of the organisms to desiccation

The bacteria and the yeast species were grown aerobically to late exponential phase in M9-
complete with their respective carbon source (see table 2) and 200 ul aliquots of each grown
culture were placed on sterile 1 cm glass discs. The discs were left to dry at room temperature
for 24 h with a relative humidity of 40% + 10% under sterile conditions in a clean bench.
The discs which were exposed to desiccation under anoxic conditions for the same amount of
time in an anoxic chamber (Coy Laboratory Products Inc., MI, USA, with O>< 5 ppm, relative
humidity 13 + 0.5%) containing forming gas (5% Hpj in Nj). Following drying, the samples
which were meant for cold-exposure were transferred to a sterile plastic box and stored in
freezers at —20°C or —80°C. The samples exposed to cold temperatures and anoxic conditions
following drying, were transferred in a Trex box Transport and Exposure Box as per Beblo-Vra-
nesevic et al. [42], inside the anoxic chamber, which was then sealed and stored at —20°C or
-80°C for the desiccation timepoints. Survival was determined by dilution plating for colony
counts where the discs were re-suspended in a 5 ml Eppendorf tube containing 1 ml of sterile
PBS (4 g NaCl, 3 g KHyPOy, 7 g NAHPO4 in 1000 ml MQ) which was lightly vortexed for ca. 30
s before an aliquot was taken.

(c) Exposure to freezing

The bacterial species and yeast species were grown aerobically to late exponential phase in M9
with the respective carbon source. Aliquots of 1 ml were transferred to sterile 1 ml Eppendorf
tubes. The tubes were placed in cryo-boxes and stored at —-80°C for the selected timepoints.
To determine the survival, one tube per replicate was thawed at 25°C for 1 h prior to dilution
plating.

(d) Exposure to freezing and thawing

To determine the survival of the bacteria and the yeast species to freezing and thawing, 4 ml of
late exponential phase cultures, grown in M9, was transferred to sterile 5 ml Eppendorf tubes.
The tubes were placed inside a cryo-box and placed in a —80°C freezer for 1 h. The samples were
then thawed for 1 h at 25°C and an aliquot of 100 ul was used for dilution plating. Following the
thawing time, the 5 ml Eppendorf tubes containing the samples were placed again at -80°C for
1 h. The cycle was repeated until no survival was detected. No survival was then determined to
be the lack of CFU identification for three cycles in a row.

(e) Exposure to UV radiation

To determine the limits of survival to UV radiation, the organisms grown in M9 were irradi-
ated with UV-C (254 nm) radiation. An aliquot of 2700 ul from each organism grown to late
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exponential phase was placed in a closed sterile UV transmissible quartz cuvette (0.5 cm path-
length; Hellma GmbH & Co. KG, Muelheim, Germany). The cuvettes with the samples were
placed 32.5 cm below the UV lamp and contained a magnetic stirrer which allowed the culture
to be mixed during irradiation for all the cells to receive the same homogenous amount of UV
fluence. The C. sarecensis cultures which were not grown in 100% M9 were washed twice in PBS
to remove media traces which could potentially absorb UV and could therefore lead to artefac-
tual protection. The washing was performed by placing the grown cultures in 50 ml Falcon
tubes, centrifuging the tubes at 2500 x g for 10 min, removing the supernatant and filling the
tube with the same volume of PBS. The UV-C lamp was a low-pressure Hg lamp (Model NN
8/15; Heraeus, Berlin, Germany). Prior to each irradiation experiment, the lamp was allowed to
warm up for at least 30 min and the fluence was measured. The fluence was determined by the
use of a UVX radiometer with a 254 nm sensor (UVP Ultra-Violet Products, Cambridge, United
Kingdom). The exposure time was calculated by dividing the target dose (in ] m™) by the
fluence rates reported on the radiometer (in uW cm™).

The exposure to polychromatic (200-400 nm) Mars-like UV radiation was performed in
the same fashion. Irradiation was performed by using the UV 500S irradiation source (Dr.
Hoenle AG; UV-Technologie, Germany). The fluence rate of the lamp was determined prior to
each experiment, after 30 min to allow the lamp to warm up, by using the Bentham DMc150
transportable spectroradiometer (Bentham Instruments Ltd., Reading, United Kingdom) as per
Rabbow et al. [1].

3. Exposure to X-ray radiation

The different bacteria and yeast species were exposed to ionizing radiation by growing the
cultures to late exponential phase and placing the samples in the Gulmay RS 225A (Gulmay
Medical Ltd.) X-ray source. The output of the X-ray source was set to 200 kV and 15 mA. The
samples were placed at a 10 cm distance below the x-ray source and were irradiated with 30 Gy
min’ + 5 Gy min™ until the target dose was reached. The irradiation dose in Gy min™ was
determined with a UNIDOS dosimeter (PTW Freiburg, Germany).

All exposure experiments, with the exception of specific desiccation storage conditions, were
performed at room temperature.

The D19/F10/E19 (dose, fluence, exposure) values, representing 10% survival, were calculated
by plotting the relative survival in logarithmic scale (log natural) in SigmaPlot 13.0 with the
following equation:

_ In(0.1) - In(exp(b[0]))

Dy = B1] ,

where b[0] and b[1] are the coefficients of the linear regression curve plotted by SigmaPlot
version 14.5.

All figures were created with the use of the data visualization library Seaborn version 0.12.1
[43], an interface of Matplotlib [44]. When stated in the figure description, the polynomial
regression lines were plotted with the following regression function:

def polynomial regression(x, y, degree):
coeffs = np.polyfit(x, np.log(y), degree)
coeffs[-1] = 0

return np.exp(np.polyval (coeffs, x)
degree = x
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4. Results

Having selected the organisms for the experiments and having confirmed their growth in
minimal media supplemented with a single carbon source, the organisms were exposed to
the described extreme conditions. Owing to the extreme length in desiccation survival of the
organisms to conditions such as desiccation, values reported in the results reflect the latest
data at the time of publication. Despite reporting a defined value we believe specific species
investigated could be able to tolerate a further extended extreme condition exposure. Details on
species and experiment termination have been reported in the figure captions when relevant.

The summary of the growth media and conditions tested are listed in table 2. Microbial
species including P. boydii, C. flavum, V. arcticus, H. luteurn and H. tiamatea were excluded from
further investigations as they did not satisfy all growth criteria for this study. The summary
of the maximum limit for survival of the species, selected for investigation, after exposure to
the different conditions is listed in table 3 and the summary of the maximum survival for the
species exposed to desiccation is listed in table 4. These values refer to the highest exposure
dose or exposure time for which viable colony counts were detected. Higher exposure times
and doses were performed to confirm no viable cells.

When the bacteria and yeast species were exposed to desiccating conditions, all differences
in limits of survival became apparent. The survival limits changed for each species depending
on the availability of oxygen and on the temperature during the desiccation exposure. For
example, R. mucilaginosa which has a survival limit of 100 days when desiccated at 20°C, but
an increased survival of greater than 246 days at -20°C and greater than 156 days at -80°C,
figure 1. Increasing survival with decreasing temperatures can also be seen with C. sarecensis
which was able to tolerate 13 days of desiccation at 20°C, 19 days at -20°C and 22 days at
-80°C. By contrast, both P. halocryophilus and R. frigidalcoholis showed the same survival limit
across the three temperature ranges. Nonetheless, there seems to be a general trend showing
increased desiccation survival at lower temperatures. Despite similar survival limits, when
P. halocryophilus and R. frigidalcoholis were exposed to desiccation under anoxic conditions,
survival decreased faster when the samples were exposed to desiccation at temperatures above
0°C. Therefore, also under anoxic conditions, a decrease in exposure temperature increases the
survival trends of both prokaryotic and eukaryotic microorganisms.

Growing the microorganisms in minimal media and exposing them to freezing conditions at
-80°C was conducted to evaluate the survival limits of the microorganisms when grown under
nutrient-limiting conditions and in environments with temperatures closer to the ones on the
surfaces of Enceladus and Europa. For this reason, after the bacterial species were grown in
M9-complete, they were frozen at —80°C and stored until pre-defined timepoints to evaluate
survival through time. The results summarized in figure 2A highlight how the microorganisms
which were the most tolerant to this condition are the two yeast species, R. mucilaginosa
surviving up to 230 days and R. frigidalcoholis up to 728 days. We speculate that since cell
reductions for these time points are low, both yeast species would be capable of surviving more
extended periods of time. By contrast, the bacterial species C. sarecensis and P. halocryophilus
were only able to tolerate 6 and 30 days of desiccation (under all tested conditions), respectively.

Understanding the survival of the organisms when exposed to freezing and thawing without
additional cryoprotectants might not only give an indication to their survival through seasonal
changes, but also to spacecraft rotation and position in the solar system and thereby being
exposed to the extreme low temperatures of space and the heat of the sun. Our results show
how also for this condition, the most tolerant organisms are the yeast species compared with
the two bacterial species, figure 2B. With C. sarecensis surviving only two cycles of freeze and
thaw and P. halocryophilus 25 cycles. In comparison R. frigidalcoholis was capable of surviving
38 cycles and R. mucilaginosa more than 300. Furthermore, based on the survival curve of R.
mucilaginosa we expect it to survive many additional cycles.
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Figure 1. Survival to desiccation increases with lower temperatures. Desiccation survival of P halocryophilus (blue),
C. sarecensis (orange), R. frigidalcoholis (green) and R. mucilaginosa (red) under oxic and anoxic conditions and at different
temperatures including: oxic at 20°C (A), oxic at —20°C (B), oxic at —80°C (C), anoxic at 20°C (D), anoxic at —20°C (E) and
anoxic at —80°C (F). The coloured solid curves represent the polynomial regression for the survival of each plotted organism.
Vertical dotted lines represent the end of an experiment owing different factors: sample limitations P halocryophilus (A and
() R. frigidalcoholis (A), no CFUs C. sarecensis (all subfigures), R. mucilaginosa (), P. halocryophilus (B, D, E and F), and time
limitations R. mucilaginosa (B and C), R. frigidalcoholis (all subfigures). C. sarecensis survival was not detected under any
anoxic desiccation condition. R. mucilaginosa survival under anoxic desiccation was not performed owing to limited time.

An important (and somewhat surprising) observation is that the eukaryotic microorganisms
were generally more tolerant to freezing and thawing than the prokaryotes. However, both for
UV-C and polychromatic UV radiation, C. sarecensis was equally tolerant as both yeast species,
figure 3. When exposed to UV-C radiation, P. halocryophilus was able to tolerate up to 150 ] m™
in media, C. sarecensis up to 2000 ] m™ and R. frigidalcoholis up to 1450 ] m™ and R. mucilaginosa
up to 1500 ] m™. A similar trend can be seen with polychromatic UV light as P. halocryophilus
was able to tolerate up to 1250 ] m™, C. sarecensis up to 12500 ] m™?, R. frigidalcoholis up to 17 000
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Figure 2. Yeasts are tolerant to freezing and thawing. Survival of P halocryophilus (blue), C. sarecensis (orange),
R. frigidalcoholis (green) and R. mucilaginous (red) to freezing at —80°C (A) and to freezing and thawing (B). The coloured
solid curves represent the polynomial regression lines of the survival of each plotted organism. Determining the survival of R.
mucilaginosa exposed to freezing conditions (A) as well as R. frigidalcoholis to freeze and thaw (B) is an ongoing experiment.
Vertical dotted lines represent the end of an experiment. In this figure for C. sarecensis, P. halocryophilus and R. frigidalcoholis
(B) survival was not detected further. For R. mucilaginosa and R. frigidalcoholis (A), the dotted lines represent the latest
survival data at the time of submission.

Jm™ and R. mucilaginosa up to 20 000 ] m™. The F1¢/D1g values which is the dose to which there
is 90% lethality, shows a similar relationship, see table 3.

When exposed to ionizing radiation, however, a more detrimental effect was seen on the
survival of C. sarecensis, as this species was possibly not able to tolerate the penetrating effects
as the eukaryotic microorganisms, figure 4. C. sarecensis was able to tolerate up to 1250 Gy, P.
halocryophilus up to 1000 Gy while R. frigidalcoholis was able to tolerate up to 3000 Gy and R.
mucilaginosa up to 2500 Gy.

(a) Assumed radiation doses at Europa and Enceladus

Despite the fact that no lander with radiation measurements to date has arrived on the surface
of Europa or Enceladus, measurements from orbit and from telescopes can provide useful
information concerning the radiation doses. For example the ionizing radiation energy reaching
Europa from Jupiter is in between 10 kiloelectron volt (KeV) and 100 megaelectron volt (MeV),
instead on Enceladus galactic cosmic ray energies are greater than 3 gigaelectron volt (GeV)
[20]. Paulino-Lima ef al. [45] showed that the Earth solar constant for total UV (200-400 nm)
is 116.16 W m™. By using the following equation, we can approximate the solar constant for
Europa and Enceladus.

UV solar constant for planet X = Earth Solar constant x (%),

where d is the distance in AU of the target from the Sun. With Jupiter being 5.2 AU and Saturn
being 9.5 AU from the Sun. If we assume that the two moons are the same distance from the
Sun as their respective home planets, we can determine that the UV solar constant for Europa is
circa 4.3 W m™? and circa 1.29 W m™ for Enceladus. With these values and our survival data we
can estimate how long the organisms would be capable of surviving on the surface of Enceladus
or Europa when only exposed to polychromatic UV radiation in the 200-400 nm range, table 5.
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Figure 4. Eukaryotic microorganisms tolerate ionizing radiation more than the prokaryotes. Survival of P halocryophilus

(blue), C. sarecensis (orange), R. frigidalcoholis (green) and R. mucilaginous (red) to ionizing radiation from 50 to 3000 Gy.

The coloured solid curves represent the polynomial regression for the survival of each plotted organism. Vertical dotted lines

represent the end of an experiment where no further survival was detected.

5. Discussion

Evaluating the survival of the microbial species exposed to simulated space conditions is
important to evaluate the risk of contamination of sites of interest in the solar system. Our
results unexpectedly highlight how the investigated psychrotolerant eukaryotic microorgan-
isms are more tolerant to space-like conditions than psychrotolerant prokaryotes. Nonetheless,
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Table 5. Estimated polychromatic UV (200—400 nm) radiation survival timelines for the organisms investigated in this study
on the surface of Europa and Enceladus.

species maximum polychromatic survival time on surface  survival time on surface of
UVsurvival dose Jm™?)  of Europa assuming solar  Enceladus assuming solar
constant of 4.3 Wm™ constant of 1.29 W m
R. mucilaginosa 20 000 1.29h 43h
R. frigidalcoholis 17 000 1.09h 3.66h
C. sarecensis 12 500 48 min 2.69h
P halocryophilus 1250 4.8 min 16 min

yeasts have been already highlighted for their unique tolerances to extreme conditions
especially related to the extreme environments in which they have been isolated from [46]
and in relation to Mars and icy moons [47]. Despite extensive research having focused on yeasts
as model organism for investigating the survival to space-like conditions, limited research is
linked to yeasts of the Rhodotorula species [48-50]. Furthermore, we believe our results to be
useful to identify species of interest when assessing the bioburden of cleanrooms and SAFs and
for targeted sterilization techniques. Especially since the strain of R. mucilaginosa investigated in
this study was isolated in a SAF (table 2) and other Rhodotorula species have been identified in
the International Space Station (ISS) which is of concern for planetary protection [51,52]. Studies
such as this provide a framework for assessing microbial survival under extreme conditions and
informing stakeholders to maintain, expand and update planetary protection measures during
missions to sites of astrobiology interest including the surface and subsurface of icy moons.

(a) Growth in minimal media

To evaluate the growth on icy moon-like conditions, we used minimal media composition that
was previously developed in our group to evaluate the growth of the organisms with a single
carbon source [53]. Despite the exact composition of the icy moon subsurface ocean being
unknown, the growth in minimal media would support the results produced by having the
microorganisms grown in oligotrophic conditions. Therefore, one of the selection criteria for
the organism to be evaluated in this study was the capability to grow in minimal media with
a single carbon source. In addition, we aimed to study microorganisms that can reach the late
exponential growth phase within 96 h to ensure feasibility in the frame of this project. There-
fore, from the list highlighted in table 2 the organisms selected were four including P. halocryo-
philus, C. sarecensis, R. frigidalcoholis and R. mucilaginosa, which were capable of growing in our
desired conditions. Despite R. mucilaginosa not being a psychrophile and not isolated from an
analogues site, it was chosen to be investigated owing to the fact that it was isolated in the
cleanroom of a SAF and it is an organism which can be part of the human microbiome, making
it of importance for future long-term crewed missions [40]. Earlier research has investigated
microbial communities with media simulating the subsurface ocean of Europa and pressure to
evaluate growth [54]. Importantly, community growth and growth of single microorganisms
can be different, whereby communities of different bacterial species can support each other
whilst single organism growth do not do this [55].

(b) Desiccation

Evaluating the survival to desiccation in this study was not only important to understand the
potential survival of the organisms in SAFs and spacecraft surfaces, but also to environments
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such as the icy moons. Regular isolation campaigns in cleanrooms and SAFs identify microor-
ganisms on surfaces and in the air [11,56]. In addition, isolation studies are also performed in
spacecraft interiors such as inside the ISS [57,58]. Therefore, despite strict sterilization techni-
ques, microorganisms make their way to space. Undoubtedly, evaluating the survival of more
microbial species to desiccation is needed to guide in updating sterilization techniques, risks
for planetary protection and public health (hospitals and public transport). This is especially
important when considering that the strain of the yeast R. mucilaginosa, used in this study and
known to cause disease in immunocompromised patients, was isolated in the cleanroom of a
SAF where conditions might be suitable for selection to desiccation [59,60].

Our results highlighted how yeast species are more tolerant than bacterial species to
desiccation, and how the decrease in temperature can aid survival for the organisms tested in
this study. Despite challenges in maintaining cell homeostasis at lower temperatures, psychro-
philic microorganisms are well adapted to these conditions. Characteristics to which they have
adapted is maintaining an adequate membrane fluidity to perform the needed metabolic
functions at low temperatures [61]. It has been suggested that psychrophiles can increase the
concentration of unsaturated fatty acids of to the phospholipids maintain membrane fluidity at
low temperatures [62]. Perhaps this suggests the increase in desiccation survival of R. mucilagi-
nosa at oxic conditions at —20°C and R. frigidalcoholis at anoxic conditions at —80°C. However,
research with mesophilic organisms such as E. coli have shown that there is an increase in
saturated fatty acids during desiccation to maintain membrane viscosity at low water activity
[63,64]. This suggests that the traits highlighted pertain to mesophiles and psychrophiles only,
especially since C. sarecensis had poor desiccation tolerance regardless of the temperature.
Perhaps traits associated to desiccation survival are linked to environment, and
C. sarecensis being isolated from the soil where it has not evolutionarily been selected to
withstand these conditions [29].

(c) Freezing and thawing

Survival to freezing and thawing conditions is another characteristic important for survival
of the organisms on spacecraft surfaces exposed to space conditions. The results we have
presented are very meaningful from a planetary protection point of view, as the only organism
(R. mucilaginosa) which is also associated with the human microbiome is the one capable of
surviving the most the freezing and thawing conditions. During the journey to the Jupiter
system, targeting the icy moons, ESA’s JUICE (Jupiter Icy Moons Explorer) spacecraft will be
exposed to temperatures ranging from 250°C when performing the Venus flyby, to -230°C
when farthest from the Sun [65]. Nonetheless, we acknowledge the limitation of this results
in not having tested the sublimation/re-sublimation process which would take place during
freezing and thawing conditions under the vacuum of space. In addition, the survival of the
bacterial species P. halocryophilus to freeze and thaw has been evaluated, which also provides
interesting results and conclusions in relation to Mars habitability [66]. Despite the study
by [66] evaluating the survival to freeze and thaw at a comparatively reduced AT (°C) and
with an increased salt concentration, the results provide a valuable comparison of 70 cycles
of freeze and thaw as well as can highlight how microorganism survival can differ under
different experimental approaches. Understanding if Earth-borne microorganism can tolerate
these conditions is critical in evaluating the risk for forward contamination of the icy moons.
Our results have shown how all organisms tested in this study are capable of tolerating at least
two cycles of freezing and thawing.

In standard laboratory practice, storage of microorganisms is performed at very low
temperatures such as —80°C with glycerol or other compounds used as cryoprotectants to
prevent intracellular ice crystal formation and damage to the cell [67]. Cryoprotectants are
not available in the natural environment where the investigated organisms were isolated
from. Nevertheless, the organisms of this study have the ability to produce cryoprotectants
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or make use of compatible solutes to avoid damage from freezing [68-70]. What must be noted,
however, is that despite having these abilities, it is not known whether the microorganisms
have the time to produce sufficient cryoprotectants during freezing exposure in our experimen-
tal set-up, especially since the time taken for the sample tubes to reach 0°C was approximately
only 10 min per cycle (electronic supplementary material, fig. S1). The high-latitude freezing
and thawing cycles that take place during seasonal shifts in the natural environment where the
organisms where isolated from, differ greatly from our experiment conditions [71]. Undoubt-
edly, freezing the microorganism at -80°C and thawing at 25°C is not what they are exposed
to in the natural environment. Nonetheless, given the psychrophilic/psychrotolerant nature
of these organisms, it was expected that they would be better adapted compared with other
mesophilic microorganisms.

Exposure to freezing conditions at low temperatures without additional cryoprotectants can
be a challenge. As shown in our results, we expected C. sarecensis and P. halocryophilus to tolerate
years of storage at —=80°C in minimal media such as the yeast species instead of only 6 and 70
days of freezing, respectively. In addition, as research has shown, E. coli (a mesophilic organ-
ism) was capable of surviving six cycles of freezing and thawing, more than the investigated C.
sarecensis and P. antarctica [72]. However, in this experiment E. coli was exposed to freezing at
-18°C and thawing at 4°C, milder conditions compared with our simulation studies. Nonethe-
less, this provides a comparison of the survival characteristics of psychrophilic/psychrotolerant
with mesophilic microorganisms. In addition, our results highlight the extreme conditions
to which the selected yeast species are capable of withstanding compared with the selected
bacterial species. At the same time, the results highlight the importance of explorative studies to
identify such extreme microbial characteristics.

(d) UV radiation and X-ray

Ionizing and non-ionizing radiation are two other extreme aspects of space travel and icy
moon environment. Evaluating the tolerances of the microorganisms to these environmental
conditions is critical to highlight the risks for planetary protection and survival limits. Our
results suggest that if the microorganisms evaluated in this study would survive the hitchhike
on spacecraft such as JUICE, they would be able to tolerate the polychromatic UV conditions
from as little as 5 min to 4.3 h. Despite other extreme environmental conditions coming into
play on the surface of the icy moons, the risk of the organism contaminating the surface is
not negligible. Furthermore, the presence of fissures or cold-geysers [73,74] on the surface of
the icy moons could increase the risk of subsurface ocean contamination; however, it must be
emphasized that the extent and time scale of material exchange between the icy moon’s surface
and subsurface are unknown and strongly dependent on the specific location on the moon in
both [21].

Even though the microorganism were isolated from environments with high UV flux
[28,29,38], they did not all tolerate the same radiation-exposure conditions.

Despite demonstrating sensitivity in the freeze and thaw experiments, C. sarecensis was able
to tolerate similar UV fluence as the yeast species, when exposed to both UV-C and polychro-
matic UV radiation. Literature research yielded no information on the presence of pigments
in C. sarecensis. Instead the genus of Rhodotorula was found to be able to produce pigments
including torularhodin, torulene, (3-carotene and y-carotene, precursors of carotenoids [75]. In
particular R. mucilaginosa through the use of torularhodin can, to an extent, prevent damage
induced by UV radiation by scavenging oxygen and peroxyl radicals [76]. The importance
of carotenoid pigments has also been found in other yeast species. Previous research has
shown that when comparing the survival of albino and wild-type Sporobolomyces ruberrimus and
Cystofilobasidium capitatum yeast against UV-B (280-315 nm) exposure, the albino strains were
more sensitive to the radiation [77]. Furthermore, research has shown that R. frigidalcoholis is
capable of overexpressing the genes related to [3-carotene precursor when at 0°C. The authors
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suggest this is the case owing to the ability of the pigments to modulate the cellular membrane
fluidity and to protect both from solar irradiation and y radiation, both sources being present
in the isolation environment [39]. This ability is also shared by bacterial species such as P.
halocryophilus, investigated in this study [78].

6. Conclusion

The microorganisms evaluated in this study have been shown to tolerate a range of extreme
environmental conditions, primarily selected to replicate the conditions on the icy moons.
However, these extreme conditions can also be found in other locations of the solar system.
Understanding the survival limits of such organisms will help to identify species of interest
for exploring mechanisms of survival on non-terrestrial bodies, as well as to determine risks
for planetary protection. Undoubtedly, experiments such as these require a long time to be
conducted: exemplified by the 700 day sampling of R. frigidalcoholis to freezing, or the 196 day
sampling for exposure to desiccation. Interestingly, the yeast species were found to be much
more tolerant to different conditions replicating icy moons than the bacterial species. These
results add valuable information to the planetary protection community as they will help with
improving the guidelines for sterilization and identification/characterization of microorgan-
isms. Combining the results of this study with future metagenome data from SAFs could aid in
the development of tools allowing the identification of microorganisms relevant for forward
planetary protection during spacecraft assembly. Nonetheless, we acknowledge limitations
in the experimental approach including: a reduced number of microbial species, exclusion
of archaea from further investigations, relatively short growth periods, choice of organisms
capable of colony formation, effects of vacuum, lower temperatures during exposure to extreme
conditions as well as a combination of these, which despite being desirable were not feasible in
the frame of this project. However, we believe these results show the extent to which Earth-
based life can survive in extreme environments such as the ones of the icy moons. Especially
in the age of missions such as ESA’s JUICE and NASA’s Europa Clipper, the maintenance of
planetary protection guidelines and approaches, as well as identifying risks such as the ones in
this study, is imperative to avoid the contamination of icy moon environments.
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