Fig. 2. Scanning electron micrographs of cell aggregates
(a) M. burtonii grown at —2.5 °C and (b) H. lacusprofundi grown
at 4 °C. In both cases, the scale bar has length 2 nm.

highly adapted microorganisms. Since partial genome
sequences are available for both, we have conducted an
inventory of predicted proteins known to be important for
coping with low temperatures. Strikingly, the genome of
H. lacusprofundi is predicted to contain multiple copies of
each of the two different cold shock protein (CSP) genes,
while the mesophilic Halobacterium sp. NRC-1 contains
only one copy each (cspDI and cspD2). In general, CSPs are
involved in various cellular processes and they are believed
to enable cells to adapt to low temperature (Thieringer
et al. 1998). They can bind to single-stranded DNA and RNA
and have been suggested to function as RNA chaperones
facilitating the initiation of translation under optimal and
low temperatures. Overproduction of CSPs in an organism
can lead to increased survival during periods of freezing
(Wouters et al. 2001). The presence of multiple copies of CSP
genes in H. lacusprofundi immediately suggests a possible
molecular basis for the cold-adapted nature of this organism.

Likewise, comparative analysis by Saunders et al. (2003) of
the incomplete genomes of the cold-adapted methanogen
M. burtonii as well as the psychrophilic species Methano-
geneium frigidum, both isolated from Ace Lake, also revealed
a gene with high sequence identity to the E. coli cold shock
domain (CSD) protein cspA in the genome of M. frigidum

Terrestrial models for extraterrestrial life

and two proteins in M. burtonii that contain the highly con-
served CSD fold characteristic of CSPs. Overall, the genome
analyses of these Antarctic halophiles and methanogens
indicate that cold-adapted Archaea have evolved specific
mechanisms for adapting to low temperatures.

Discussion

Growth conditions of methanogens

Our experiments indicate that, given a sufficient supply of
liquid water, conditions on Mars and possibly other planets
could support methanogenic Archaea found here on Earth;
for example, cold temperatures, minimal medium, low nu-
trients (oligotrophs), anoxic conditions (Cavicchioli 2002).
The methanogenic Archaea generally grow optimally in
strictly anaerobic environments with redox potentials below
—320 mV (Hungate 1950). Survival and growth under low-
redox potential occurs by the catabolism of inorganic or
simple organic compounds. These include the reduction of
CO, with an electron donor such as hydrogen, the dismuta-
tion of acetate and subsequent reduction of the methyl group
or by the reduction of the methyl group of simple methylated
compounds including methylated amines and sulphides
(Sowers 2004). Some methanogenic Archaea can also grow by
non-methanogenic fermentation of CO (Rother & Metcalf
2004).

Methanogens are generally found in anaerobic, reduced
environments where substrates are either provided by other
anaerobic microorganisms or from geological sources.
Despite their requirement for anoxic conditions, the metha-
nogens as a group exhibit a diverse range of physiological
adaptation. These environments can range from geothermal
vents at temperatures greater than 100 °C to subzero tem-
peratures in Antarctic lake sediments, freshwater lakes with
low solute concentrations to hypersaline salterns or from
acidic geothermal calderas to alkaline lakes (Sowers 2004).
The methanogenic Archaea often require only inorganic
nutrients to support growth. In one terrestrial example,
methanogens found in basalt rock during deep subsurface
drilling appear to live autotrophically on hydrogen generated
from the reaction between ferrous ions and silicates in basalt,
providing an analogue for possible subsurface microbial
ecosystems on other planets such as Mars and Europa
(Chapelle et al. 2002). Deep subsurface methanogens growing
on hydrogen or simple organic compounds could serve as
a primary productivity source for a more complex food web
in either diminished sunlight or the complete absence of
sunlight that may exist on other planets. Kral er al. (2004)
showed that several species of mesophilic methanogens could
grow in terrestrial volcanic ash with composition, grain size,
density and magnetic properties similar to those thought to
exist on Mars. The extended temperature range exhibited by
M. burtonii from —2°C to 29 °C, which is characteristic
of subsurface temperatures on Mars, the ability to grow in a
mineral medium with a low-molecular-weight organic sub-
strate and the osmotolerance of this species to 0.5 M NaCl
reported previously (Franzmann ez al. 1992) further support
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the possibility that methanogenic microorganisms could be
the source of detected methane.

Growth conditions of extreme halophiles

Extremely halophilic Archaea generally grow optimally in
environments with salinities greater than 20% (w/v)
(DasSarma & Arora 2002; DasSarma 2006). Survival and
growth under these hypersaline conditions are accomplished
by maintaining an isoosmotic balance of the cytosol with the
surrounding medium. Haloarchaea accumulate KCI equal
to external NaCl and other salt concentrations. Recently,
haloarchaea have been discovered in deep hypersaline anoxic
basins in the Mediterranean Sea, which are some of the most
extreme terrestrial saline environments known as they are
almost saturated with MgCl, (van der Wielen et al. 2005).
Haloarchaea are also well adapted to high concentrations of
MgSO,, which is widely distributed within saline sediments
on Mars (Vaniman et al. 2004).

Haloarchaea can derive metabolic energy for growth
through a number of pathways: chemoorganohetero-
trophically, using a plethora of organic electron donors; via
aerobic as well as anaerobic respiration, using inorganic
nitrogen oxides and organic electron acceptors (DMSO,
TMAO); or through the fermentation of simple organic
compounds (Oren & Triiper 1990; DasSarma & Arora 2002;
Miiller & DasSarma 2005). In addition, inorganic sulphur
compounds have been suggested to serve as potential electron
acceptors (Tindall & Triiper 1986), but little information is
available on the nature of the process. Inorganic sulphur
compounds have been detected on the surface of Mars
(Fairen et al. 2004).

Haloarchaea grow phototrophically, employing the proton
pump bacteriorhodopsin. This capability has recently been
discovered among a wide variety of Archaea, bacteria, and
Eukaryotes and may represent an ancient form of metab-
olism, which may possibly have co-evolved with chlorophyll-
based photosynthesis (Wickramasinghe 1976; Spudich
et al. 2000; Biclawski er al. 2004; DasSarma 2006). The
ability of extremely halophilic Archaea to thrive under anoxic
conditions renders this group of organisms suitable as models
for a variety of extraterrestrial habitat scenarios. Their poten-
tial for primary productivity and their metabolic versatility
would present an important part in nutrient cycling.

The present studies with H. lacusprofundi have expanded
the temperature range supporting growth of that organism.
H. lacusprofundi was originally isolated from the hypersaline
Deep Lake, Antarctica (Franzmann et al. 1988), where the
lake temperature is below 0 °C for more than half the year
(Barker 1981). Deep Lake, located in the Vestfold Hills,
is ice-free through out the year due to a freezing point
depression from hypersalinity (28 % salinity). The surface
temperatures have been found to be as low as —20 °C in
the winter and up to 10°C in the summer. Nutrient
concentrations are similar to seawater, but there is no dis-
solved sulphate, probably due to precipitation as mirabilite
(Na,SO4 10H;0). Preliminary bioinformatic analysis suggests
that H. lacusprofundi is adapted to growth at cold tempera-

tures at least partially due to the increased presence of cold
shock genes.

Formation of multicellular structures

It has been suggested that cell aggregation might be a com-
mon high temperature-dependent stress response among the
Archaea (Hartzell et al. 1999). Some Methanosarcina spp.,
form multicellular aggregates (packets of cells) with a
resistant methanochondroitin outer layer that is structurally
similar to connective tissue of vertebrate animals, when they
are grown at low salt concentrations (Sowers et al. 1984,
1993). In contrast, when adapted to growth on high salt
they only produce an S-layer (surface layer) and do not
form packets. Interestingly, we also observed extensive cell
aggregation of both H. lacusprofundi and M. burtonii when
cultures were incubated in the cold (Fig. 2). This is of
particular interest since the formation of a multicellular
complex, comprised of archaeal, bacterial or eukaryotic cells,
constitutes one of the most fundamental aspects of develop-
mental biology. Cell aggregation may facilitate the exchange
of nutrients, membrane components and genetic material,
thus enabling the organisms to cope and grow in an otherwise
stressful environment. The euryarchaecon SM1 lives in close
association with a Thiotrix sp. of bacteria in the cold
(~10 °C) sulphurous marsh water (Rudolph et al. 2001;
Moissl et al. 2002). A highly enriched culture of the eur-
yarchaeon SM1 remained viable at temperatures ranging
from —2°C to 20°C (Moissl et al. 2003). The cells are
encased in a polymeric matrix of undefined chemical com-
position (Rudolph et al. 2001), which appears to be synthe-
sized by euryarchaecon SM1 as a pili-like fibre that emanates
radially from the cell mediating cell-cell and possibly cell-
surface interactions (Moissl et al. 2003). Sea-ice microorgan-
isms, including Colwellia psychrerythraea, are also reported
to produce extracellular polymeric substances (EPS) as buf-
fering and cryoprotective agents at temperatures as low as
—20 °C (Krembs et al. 2002 ; Methe et al. 2005). Collectively,
these data indicate that synthesis of extracellular materials
has evolved as a mechanism of cold adaptation in phylogen-
etically diverse microorganisms.

Relevance to extrasolar planetary environments

At present, the lowest-mass planetary companions detected in
radial velocity surveys of normal stars have masses close to
that of Uranus and Neptune (~7% that of Jupiter), while
most have masses comparable to or exceeding that of Jupiter.
It is likely that these are gas giants, and therefore inhospitable
to microbial life. However, all of the gas giants in the Solar
System have relatively massive rocky moons, and such
objects might offer suitable platforms for life in the known
extrasolar planetary systems. How do the surface tempera-
tures of those hypothetical companions match the growth
limits of the species discussed in this paper?

All of the planetary host stars in the Solar Neighbourhood
have milliarcsecond-accuracy parallax measurements, and
therefore well-determined distances and luminosities (see,
e.g., Schneider 2006). Consequently, we can estimate the
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Fig. 3. Predicted temperatures of terrestrial analogues as satellite
companions of known extrasolar planets: the ordinate is a
sequential numbering of the known systems; open squares mark
systems where the primary star is on the main sequence; solid
points are planetary companions of giants or subgiants. The error
bars show the temperature range expected owing to orbital
eccentricity. The shaded region marks the approximate growth
limits of the psychrotrophs included in the present set of
experiments.

likely conditions on hypothetical satellite moons in those
systems, since the ambient temperature depends on the
luminosity of the parent star, the distance of the extrasolar
planet (or moon) from the central star and the atmospheric
properties of the planet or moon. The last is clearly a matter
of conjecture, but Fig. 3 shows the temperature range ex-
perienced by satellites that are exact analogues of the present-
day Earth; that is, we scale current terrestrial conditions
based on the incident flux from the central star in those
systems. These temperature estimates only take into account
insolation effects; tidal heating, as in the Jupiter/Europa
system, could lead to habitable temperatures in systems at
larger distances from the parent star. Fig. 3 also shows the
growth limits of the cold-adapted halophile and methanogen
species studied in this set of experiments. Several of the host
stars have evolved onto either the subgiant or giant branch,
and planets in those systems are undergoing a rather severe
form of global warming.

There are two particularly significant features of the tem-
perature distribution shown in Fig. 3. First, relatively few of
the hypothetical Earth analogues (16 of 150 planets) have
average temperatures that fall within the growth limits of
the cold-adapted Archaea discussed here; the majority
would have average temperatures well below —5 °C. This
preponderance of lower temperature systems highlights
the importance of extending the current set of experiments
to microbes with enhanced growth characteristics in
colder temperatures. Second, most systems show substantial
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variations in temperature (indicated by the error bars in
Fig. 3); this reflects the significant orbital eccentricities.
Consequently, most (hypothetical) moons with formal
average temperatures that fall within the limits spanned by
terrestrial life also experience significant temperature excur-
sions, and lie beyond those limits for significant portions of
their orbital cycle. If such systems are representative, this
suggests that further experiments aimed at determining how
well microbial life survives variable temperature environ-
ments would be of great interest.

Summary and conclusions

We have presented results from a series of experiments
designed to investigate the low-temperature growth limits of
selected methanogenic and halophilic archaeal species. We
find that the halophile, H. lacusprofundi, is active at —1 °C,
while the methanogen, M. burtonii, shows significant growth
at —2°C; in both cases, these measurements extend the
low-temperature limits reported for these species by several
degrees. Both H. lacusprofundi and M. burtonii show a dis-
tinct change of morphology at low temperatures, clumping
in aggregates embedded in a network of fibrils. The fibril
network is reminiscent of the EPS that some bacteria use
to resist and survive extreme conditions, introduced by
processes such as low temperature, desiccation or salinity
fluctuations. This is the first detection of this phenomenon
in Antarctic species of Archaea at cold temperatures. Finally,
we have compared the temperature limits for the cold-
adapted species, derived from these experiments, against
the surface temperatures predicted for terrestrial analogue
satellites of the known extrasolar planets. A sizeable pro-
portion of known systems include planets that intersect the
Habitable Zone. In most cases, those planets follow orbits
with significant eccentricity, leading to substantial seasonal
temperature excursions. However, a handful of the known
gas giant exoplanets could potentially harbour habitable
terrestrial moons.
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