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Habitability of ocean worlds:  Celestial bodies 

throughout the solar system have the potential to 
harbor life in the saltwater oceans found under thick 
frozen crusts [1].  Large icy worlds (e.g., Callisto, 
Europa, Ganymede, Pluto, and Titan) appear to have 
deep global oceans, perhaps in contact with rocky 
cores rich in minerals.  Even smaller celestial bodies 
(e.g., Ceres, Enceladus, Mimas, Oberon, and Titania) 
likely harbor at least regional seas.  All of the 
extraterrestrial oceans appear to be salty, with little 
certainty of their compositions and salinities.  To 
survive in the buried ocean of an icy world, native life, 
or terrestrial microbes delivered as spacecraft 
contaminants, may need to tolerate hypersalinity, 
temperatures below 0 °C, and high physical pressure to 
survive.  Here we measured the tolerances of microbes 
to potential physical and chemical conditions in the 
Europan ocean, using salinotolerant bacterial isolates 
from epsomic Hot Lake, WA, saturated in MgSO4, and 
the haline Great Salt Plains, OK, saturated in NaCl [2]. 

Tolerance to physical pressure:  A hydraulic 
pressure chamber was constructed of stainless steel 
fittings, with a pressure gauge and an isolation valve.  
Aliquots of log-phase bacterial cultures were sealed 
into segments of polyethylene straws.  Triplicate 
culture-filled straws were placed into the pressure 
chamber through an end cap, and then the device was 
filled with hydraulic fluid, resealed, and pressurized.  
Once isolated, pressure remained consistent for at least 
a week.  Control straws were held at 1 atm in a dark 
tube filled with hydraulic fluid.  After incubation, 
straws were washed with degreaser and surface-
sterilized with bleach, before harvesting the culture for 
serial dilution plating on SP medium supplemented 
with 10% NaCl. 

 

 
Hydraulic pressure chamber holding sealed straws 
filled with salinotolerant bacterial liquid culture 

 
 

Halomonas sp. str. HL12 was exposed for 48 h to a 
hydrostatic pressure of ~8000 psi (55 MPa; 550 atm) in 
SP medium with 0.1% (w/v) NaCl or supplemented 
with 10% (w/v) NaCl or 50% (w/v) MgSO4!7H2O.  
Cell death due to enclosure in straws was not 
significant.  Illustratory data are given in the 
accompanying Tables.  Survival relative to 
unpressurized controls was high, with no multi-log 
declines in culture density observed.  Certain 
experiments exhibited decreases in culture density of 
>1-log with pressure treatment.  These initial 
experiments have shown considerable variance and 
further studies are needed.  Any effects due to 
hypersalinity also are not clear.  Responses seem to 
differ between bacterial species and perhaps by salt. 

 
The effect of hydrostatic pressure on the survival of 
Halomonas sp. str. HL12 in hypersaline media 

Pressure [NaCl] Culture 
Density 

Pressure 
Effect 

psi atm % w/v   
14 1 0.10 0.67e8±0.06e8 - 

8000 550 0.10 2.0e8±0.35e8 3x " 
14 1 10.0 3.3e6±0.56e6 - 

8000 550 10.0 0.47e6±0.31e6 7x " 
 

Pressure [MgSO4] 
Culture 
Density 

Pressure 
Effect 

psi atm % w/v   
14 1 0.10 3.7e8±1.6e8 - 

8000 550 0.10 6.0e8±2.7e6 58x " 
14 1 50.0 2.6e6±0.50e6 - 

8000 550 50.0 1.7e6±0.5e6 1.5x " 
 
Note that ~30 MPa is typical at Earth's ocean floor, 

while 55 MPa represents a depth of 10's of km in the 
large icy moons.  This approximates a depth midway 
between the ice shell and rocky core of Europa and far 
greater than the ~5 MPa of the small icy worlds.  
Additionally, brine pools within the ice shell itself may 
be under hydrostatic pressure and produce jets [3]. 

Tolerance to high salinity:  Interpretations of 
existing data diverge such that the Europan ocean 
might be as salty as Earth's ocean or that it might be 
extremely salty, with saturated MgSO4 and/or NaCl 
[4].  In addition, brine pockets and veins in the crust of 
icy worlds may be saltier than their bulk ocean [3].  
Halomonas sp. str. HL12 is remarkably tolerant to low 
and high salinities for a range of salts.  For instance, 
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we have previously demonstrated that it grows robustly 
in SP medium with low added salt (0.1% MgSO4), 
continuing to grow well with increasing salinity, up to 
saturation with MgSO4 (~67% w/v).  In addition, it 
grows slowly and reaches a high density at the MgSO4 
eutectic (43% w/v [17 wt%] salt at –4 °C). 

Here we exposed Halomonas sp. str. HL12 to a 
saturated brine that represents a potential extreme 
Europan ocean with the following composition:  2.6 M 
MgSO4, 0.3 M NaCl, and 0.6 M Na2SO4, at pH ~7.7 
[4].  Weekly samples were taken and plated on SP 
medium supplemented with 10% NaCl to check for 
survival.  Cells remained viable for months under 
laboratory conditions, even as the culture became a salt 
slurry.  It was not clear whether there was slow growth 
in these initial experiments or whether growth would 
persist at temperatures below 0 °C.  However, it was 
clear that microbes could survive extended periods in a 
model Europan saturated brine medium. 

Tolerance to ammonia:  Icy worlds beyond 
Europa, at even lower temperatures, have oceans that 
may rely on ammonia-water mixtures to remain liquid, 
since salty brines freeze below –80 °C.  Pluto and 
Titan may harbor ammonia-water oceans.  The 
ammonia-water eutectic temperature is –100 °C (at 34 
wt% ammonia) representing the coldest liquid water 
that is potentially common in the solar system. 

While ammonia is used commercially as a 
disinfectant, we have observed substantial tolerance in 
initial studies.  For instance, strong growth was 
observed for Halomonas sp. str. HL12 and several 
other salinotolerant bacteria at 1 M (NH4)2SO4 or 
NH4Cl in SP medium. At higher concentrations, up to 
saturation (~53% w/v (NH4)2SO4; 11 wt% NH4

+), we 
observed survival of this Halomonas isolate for weeks 
by plating aliquots of culture.  Culturable microbes 
from certain common oligohaline soils also remained 
viable for weeks in saturated (NH4)2SO4.  Note that the 
eutectic concentration of ammonia is ~3x greater than 
the ammonia concentrations tested here. 

Tolerance to cold:  We previously have 
demonstrated bacterial growth in eutectic MgSO4 and 
the survival of salinotolerant bacteria at cryogenic 
temperatures, which are commonly used for cell 
preservation [2].  Halomonas sp. str. HL12 previously 
exhibited strong survival over 10 freeze-thaw cycles in 
saline media (25 to –70 °C).  It will be interesting to 
combine stressors by incubating the pressurized 
hydraulic chambers at low temperatures using a range 
of hypersaline media and microorganisms. 

Special regions on ocean worlds:  Taken together, 
our results suggest that terrestrial microbes can tolerate 
aspects of the extreme chemical and physical 
environments predicted for the oceans of icy worlds.  
Physical pressure is a stressor common to any large 
world with a deep ocean buried by an ice shell and 

perhaps at discrete locations in the ice crust itself and 
in smaller icy bodies.  It appears that salinotolerant 
bacteria can survive at the pressure expected midway 
in the water column of Europa. 

Definitive compositions for the oceans of icy 
bodies remain illusive.  Microbes would readily 
tolerate the salinity of oceans that are no saltier than 
Earth's (~3% w/v NaCl).  Here we report on the 
survival of bacteria under the model chemical 
conditions of an extreme Europan ocean; a brine 
saturated relative to MgSO4 and further supplemented 
with 1.5 M Na+.  Note that other icy ocean worlds may 
be rich in carbonates and various mixtures of salts.  
Ammonia is widespread in the solar system and 
aqueous solutions have an extraordinarily low eutectic 
temperature.  Microbes appear to tolerate substantial 
ammonia concentrations, however, there has yet to be 
a demonstration of survival at the ammonia eutectic 
concentration.  It is interesting to conjecture on the 
nature of living systems solvated by aqueous solutions 
at 34 wt% ammonia, and if the ammonia is also 
intracellular, whether this would represent an agnostic 
life form. 

Perhaps the most challenging stressor for life in an 
icy ocean is the low temperature.  The current lowest 
temperature reported for microbial proliferation is near 
–20 °C, below the eutectic temperature for MgSO4 (–4 
°C) and near that of NaCl (–23 °C).  Chemical 
reactions slow down at low temperature, so 
metabolism, growth, and proliferation in the cold take 
longer than may be typical for laboratory experiments.  
Native microbes may have to be better adapted to low 
temperatures than the terrestrial microbes examined 
thus far, to successfully proliferate throughout the 
oceans of the icy worlds.  Understanding the extreme 
chemical and physical conditions that microbes can 
tolerate, works to inform plans for life detection 
missions and associated planetary protection for icy 
bodies. 
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