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Abstract

We present the hypothesis that microorganisms can change the freezing/melting curve of cold salty solutions by
protein expression, as it is known that proteins can affect the liquid-to-ice transition, an ability that could be of
ecological advantage for organisms on Earth and on Mars. We tested our hypothesis by identifying a suitable
candidate, the well-known psycrophile and halotolerant bacteria Rhodococcus sp. JG3, and analyzing its response
in culture conditions that included specific hygroscopic salts relevant to Mars—that is, highly concentrated
magnesium perchlorate solutions of 20wt % and 50wt % Mg(ClO,4), at both end members of the eutectic
concentration (44 wt %)—and subfreezing temperatures (263 K and 253 K). Using a combination of techniques
of molecular microbiology and aqueous geochemistry, we evaluated the potential roles of proteins over- or
underexpressed as important players in different mechanisms for the adaptability of life to cold environments. We
recorded the changes observed by micro-differential scanning calorimetry. Unfortunately, Rhodococcus sp. JG3
did not show our hypothesized effect on the melting characteristics of cold Mg-perchlorate solutions. However,
the question remains as to whether our novel hypothesis that halophilic/psychrophilic bacteria or archaea can alter
the freezing/melting curve of salt solutions could be validated. The null result obtained after analyzing just one
case lays the foundation to continue the search for proteins produced by microorganisms that thrive in very cold,
high-saline solutions, which would involve testing different microorganisms with different salt components. The
immediate implications for the habitability of Mars are discussed. Key Words: Mars—Extremophiles—
Perchlorates—Cold brines—Melting/freeze point—Calorimetry—Chaotropism. Astrobiology 20, 1067-1075.

1. Introduction and Motivation

THE PRESENCE OF liquid water on Mars has been linked
to a decrease in the freezing point of aqueous solutions
by variable enrichment in dissolved salts such that high ionic
solutions and brines would be prevalent on a ‘“‘cool and wet”’
Mars (Fairén, 2010, 2020), a hypothesis that has found recent
support in the identification of highly saline intervals in the
Gale crater lakes (Rapin et al., 2019; Thomas et al., 2019).
Perchlorate salts are of particular relevance to Mars. The
discovery of perchlorates on Mars (Hecht et al., 2009; Glavin
etal.,2013; Sutter et al., 2017) has significant astrobiological
implications because (1) they are chaotropic salts, (2) they
are highly hygroscopic, (3) in aqueous systems they have

eutectics at subzero temperature, and (4) they can serve as
electron acceptors for a number of microorganisms under
anoxic conditions. These physical and chemical properties
are key to the occurrence of liquid water under current
cold and dry martian conditions and potentially in the past.
Therefore, numerous studies have been conducted to inves-
tigate the stability of perchlorate salt solutions, which have
been proposed to exist as metastable supersaturated solutions
over a wide range of relative humidity (RH) and temperature
conditions relevant to Mars (Zorzano et al., 2009; Davila
et al., 2010; Gough et al., 2011; Martin-Torres et al., 2015;
Ojha et al., 2015). Among them, magnesium perchlorate is
particularly relevant because the binary system has the eu-
tectic point at 216 K (Supplementary Fig. S1) (Stillman and
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Grimm, 2011), and its hexahydrate solid-phase [Mg(ClOy,),-
6H,0] deliquesces above 40% RH (a,,=0.4), forming films
of liquid brines that appear to remain stable even at current
Mars surface conditions (Chevrier et al., 2009; Robertson and
Bish, 2011).

Defining a lower limit of water activity at which life can
thrive has become a difficult task due to the continuous
discoveries of extremophiles living at edge conditions.
Recent work has shown that some halophiles can tolerate
highly concentrated solutions of perchlorate (Oren et al.,
2014; Al Soudi et al., 2017; Heinz et al., 2019). Regarding
the adaptive strategies to freezing temperatures, several
studies have indicated the ability of some microorganisms to
modify the melting and freezing points of water, resulting in
a gap between both points, known as thermal hysteresis
(TH) (Celik et al., 2010; Raymond and Kim, 2012; Davies,
2014). Other microorganisms such as the well-known bac-
terial epiphyte of plants Pseudomonas syringae (Kajava
et al., 1993) can reduce the supercooling point of water in
plants and thereby enhance ice crystal formation at subzero
temperatures and promote frost damage in the plant, which
favors their own growth (Hirano and Upper, 2000). The ice-
minus variant of this bacterium is a mutant without the gene
responsible for the production of the ice-nucleating surface
protein, with several applications in biotechnology and frost
prevention in crops (Cochet and Widehem, 2000). By these
adaptive mechanisms, microorganisms create microenvi-
ronments of liquid water that provide a certain tolerance to
cold solutions. The molecules responsible for this strategy
are the ice-binding proteins (IBPs). IBPs are divided into two
groups: the ice nucleation proteins that promote ice growth
at significant subfreezing temperatures (Maki er al., 1974),
and the antifreeze proteins (AFP or AP) that stop ice crys-
tal growth by surface adsorption inhibition mechanisms
(Raymond and DeVries, 1977). AFP/AP are responsible for
preventing freezing inside an organism (Davies, 2014) in that
they promote the thermodynamically less favorable micro-
curvature of the ice surface when bound to it (Knight, 2000).

The foundation of the hypothesis presented in this article
is the precise testing of whether the molecules (mainly
proteins) derived from the adaptations of microorganisms to
cold salty conditions can influence their own environment.
To test our hypothesis, we evaluated the relative surviv-
ability of Rhodococcus sp. JG3 and Escherichia coli on
perchlorate solutions at subfreezing temperatures and ex-
plored whether the microorganisms exert any influence on
the chemo-physical properties of aqueous environments
relevant to Mars, as an adaptive response through molecular
mechanisms (IBPs, cold shock proteins (Csp), membrane
lipids, or others).

2. Experimental Setting

We established an experimental setting in which bacterial
cultures were incubated in highly concentrated magnesium
perchlorate solutions at two different subzero temperatures
over the course of 10 days. Our technical approach involved
the use of micro differential scanning calorimetry in the bac-
terial cultures to record potential changes in the liquidus
curve of magnesium perchlorate solutions [20wt % and
50wt % Mg(ClOy),] at both sides of the eutectic concen-
tration (44 wt %). Calorimetry is a primary technique that is
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useful in measuring the thermal properties of substances,
and it is the model method for the direct determination of
enthalpy in that it measures the heat flux derived from
changes of chemical/physical properties recorded in a
sample along with the temperature and/or time (Gill et al.,
2010). Although calorimetry has been used to study isolated
IBPs in aqueous solutions (Hansen and Baust, 1988; Lee
et al., 2018), it has not, to the best of our knowledge, been
applied to the analysis of changes in the melting/freezing
behavior of perchlorate solutions that may be the result of
the presence of whole bacterial cultures at subfreezing tem-
peratures, which would imply a more complex and uncon-
trolled chemical system.

We chose the aerobic, eurypsychrophilic soil actinobac-
terium Rhodococcus sp. JG3, which was isolated from the
permafrost of the hyperarid Upper Dry Valleys of Antarc-
tica. We used an aerobic strain because growth rates in
psychrophiles are faster for aerobes than for anaerobes.
Rhodococcus sp. JG3 is also halotolerant (Goordial et al.,
2015), and some species of the genus Rhodococcus have
been reported to use IBPs (Lorv et al., 2014). To test the
bacterial survivability and the potential molecules respon-
sible for it, we also used cytometry techniques to distin-
guish between living cells and dead cells, as well as cell
concentration in the cultures. We also used protein gel elec-
trophoresis to compare protein profiles between optimal and
stressing conditions of the selected bacteria. Our detailed
Materials and Methods section is described in Section 1 of
Supplementary Data.

3. Results

3.1. Magnesium perchlorate solutions
with presence of bacteria

Calorimetry measures the variation of the heat flow in a
sample with respect to temperature, signaling when a chemo-
physical change occurs, for example, freezing or melting
(Supplementary Fig. S2). In our experiments, we were not
able to reach the solidus temperature of the binary system
due to the strong supercooling, but the liquidus was well
constrained. When we cooled down to 123 K and then he-
ated the system, we found only that the glass transition
around 155 K [observed also by Toner et al. (2014)] pre-
vented the observation of hypothetical solidus at 216
(Supplementary Fig. S2) and therefore prevented the start of
the melting. To determine the liquidus temperature, we used
the method of extrapolation at the zero heating rate (Gibout
et al., 2018). Once we obtained the heat flow curve and
divided it by the sample mass and the heating rate, we
calculated the specific heat. The integration of this curve
with respect to the temperature gives the enthalpy of the
reaction related to the temperature (H/T). When the deriv-
ative curve is zero, the temperature would correspond with
the melting of the last solid (liquidus temperature). On the
contrary, TH was calculated by using the difference between
the Tynsee Of the heat flow curve during freezing and the
Tonset Of the melting during heating.

In the absence of bacteria, the temperature of the
liquidus curve of the magnesium perchlorate solution, in-
dicated by the dH/dT, occurred at 265.53+£0.12 K in the
case of 20wt % Mg(ClO,),. Replicated measurements of
the sterile solution at S0wt % Mg(ClO,), settled the end
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of melting, when neither ice crystals nor remains of hy-
drated salts were present, at 311 K.

In samples of Rhodococcus sp. JG3 cultures that were
incubated for 10 days at 263 K, we observed a slight change
of 0.4 K in the liquidus curve of 20 wt % Mg(ClO,), solu-
tion compared with the sterile solution, which unfortunately
fell within the experimental error (Fig. 1A). Thus, we could
not unequivocally relate this slight variation with the me-
tabolism of the cells. When we repeated the experiment at
123 K, no clear differences were detected either in the li-
quidus temperature between the initial cultures and the cul-
tures after 10 days, although slight variations were observed
when compared with the sterile solution. No noticeable re-
sults were obtained when using the 50wt % Mg(ClO,),
solution. A relative depression in the liquidus point was
somewhat detectable in E. coli cultures, although this ap-
peared at a slightly higher temperature than was the case for
the Rhodococcus cultures. There was an almost negligible
difference, however, with regard to sterile solutions (Fig. 1A).
This was also verified by the application of Levene’s and
Mann—Whitney—Wilcoxon tests (XLSTAT 2020, Addinsoft,
for Microsoft Excel), which were used to compare means
between groups and did not show significant differences as
well. In particular, the p-value given by the Levene’s test
(0.039) compelled us to use a nonparametric post hoc test,
the Mann—Whitney—Wilcoxon test, which is especially re-
commended for nonlarge groups of data. As indicated, this
analysis did not reveal significant differences between
groups as well. Considering the potential effect of the hy-
pothetical presence of IBPs (and maybe by the effect of other
molecules), we investigated the TH in 20 wt % Mg(ClOy,),
samples with Rhodococcus cultures. We tried to determine
whether there was a relationship between these data and the
cell concentration of the cultures obtained by cytometry, but
the tendency in this hypothetical relationship was not clear
and would require additional experiments (Fig. 1B).
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3.2. Survivability of microorganisms in salty
and cold solutions

We used three different methods to evaluate the surviv-
ability of the microorganisms in cold perchlorate solutions:
confocal fluorescence microscopy, optical density, and cell
reinoculation. Overall, the survivability of bacteria when
confronting the two stress conditions tested together (high
concentrated salts and subfreezing temperatures) was notice-
ably low (around 2% in general, and in no case over 4%), and
therefore, it would be more accurate to refer to the ‘“‘toler-
ance” of a reduced number of cells to the stress conditions.

Even though the extreme conditions tested triggered a
high rate of mortality, flow cytometry analysis still showed a
reduced proportion of living cells in the two species ana-
lyzed (Fig. 2A). Although the plot in Fig. 2A shows higher
values of viable cells of E. coli than Rhodococcus sp. JG3 at
263 K, these data need to be considered carefully because
they came with the caveat of large standard deviations. In
addition, when analyzing the tolerance of E. coli cells to the
simultaneous stress conditions tested here (freezing tem-
peratures and including perchlorate), a few live cells were
still observed, although with changes in their morphology
(i.e., from a rod shape to a more spherical one) (Fig. 2B).
Importantly, at the end of the experimental time (10 days),
fractions of the cultures of Rhodococcus sp. JG3 were in-
oculated again into Luria—Bertani broth (LB) tubes, and
after 1 month at room temperature, some cells in the re-
inoculated medium were able to recover.

3.3. Changes in protein profiles after exposure
to cold and salty conditions

The protein patterns obtained by electrophoresis separa-
tion (Fig. 3) show differences between the molecular
machinery expressed in the cultures grown in standard con-
ditions (LB medium and optimal growth temperature) and in
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FIG. 1. (A) Experimental data for the 20wt % solution (red points), together with the optical density at 600 nm of the

cultures (blue points), after 10 days at 253 K and 263 K, plotted against the temperature of the liquidus point (T liquidus
melting) recorded by calorimetry. (B) Variation of TH (K) as a function of the cell concentration in Rhodococcus after 10 days
in 20wt % Mg(ClO,),, at 253 K (red circles) and 263 K (red squares). The blue diamond corresponds to the sterile solution.
TH is normally calculated as the difference between T, freezing and T s congruent melting (Lee et al., 2018), but in the
case of perchlorate, we used the T, s incongruent melting (see Supplementary Fig. S3). TH, thermal hysteresis. Color images

are available online.
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FIG. 2. (A) Relative survival rate of cells (%) after 10 days of cultivation in 15 mL of 20 wt % magnesium perchlorate at
263 K and 253 K, as determined by flow cytometry using propidium iodide as the staining agent. The shift was from 10°
cells/mL of initial concentration to 10° cell/mL of survival. (B) Confocal microscopy images of cell cultures in perchlorate
after 10 days at temperatures of 263 K and 253 K: (a) Rhodococcus sp. JG3 and (b) Escherichia coli living cells are
highlighted in green, dead cells in red, and cells with compromised membranes (i.e., permeable to propidium iodide) in
yellow. The images show a high proportion of dead Rhodococcus sp. JG3 cells, but still some living bacteria could be
appreciated. Microscopy imagery revealed that the size and shape of E. coli seemed to be slightly modified after the

exposure to the cold and salty stress conditions. Color images are available online.

stressed conditions [including 20 wt % Mg(ClOy,),, and at
263 K]. Comparing the electrophoresis patterns, we ob-
served that there are some proteins overexpressed and some
underexpressed in the stressed cultures compared with the
optimal cultures. Therefore, bacteria were probably using or
synthetizing those proteins, among other molecules used for
adaptation, to cope with or adapt to the stressing environ-
mental factors. Some of these differences can be observed in
Fig. 3, where the protein pattern expressed by Rhodococcus
sp. JG3 in cold perchlorate includes, among others, two
protein bands with a molecular weight around 21kDa and
another around 50kDa, which did not appear previously in
the profile of the extract from optimal conditions.

4. Discussion

4.1. The physicochemical state of the brine
environment

We observed that calorimetry could be a promising method
to analyze potential changes in the phase transition behavior
of perchlorate solutions possibly caused by the presence of
bacterial cultures at subfreezing temperatures. We tested the
bacterial behavior in two different regions of the phase dia-
gram of the H,O-Mg(ClQ,), binary system (Chevrier et al.,
2009; Hanley and Chevrier, 2009; Hanley et al., 2009), below
(20wt %) and above (50wt %) the eutectic composition,
respectively (Toner and Catling, 2016). However, the system
that formed between the water-perchlorate and the whole
cells—the survivors and the dead—and provided sets of
molecules to the medium constitutes a highly complex and
uncontrolled arrangement that should be further studied by
controlling, step by step, one variable at a time.

We could not establish a clear relationship between cell
concentration (living and dead) in the cultures in perchlorate
solutions and the changes observed in TH calculated from
thermograms (Fig. 1B). Further experiments specifically
focused on that potential relationship will be required for

future work, as will better controls with regard to the meta-
stability of the salt. It is likely that the gap observed is due to
the perchlorate and high solute concentration, and the con-
tribution of cells likely remains low in our experiments and
may be shielded by the effect of the salt. Presumably, the
concentration of cells, and thus the potential molecules and
components affecting the solution, is noticeably lower com-
pared with the salt concentration.

4.2. Bacterial IBPs

The protein profile from the extracts of cultures of
Rhodococcus sp. JG3 at 263 K in 20wt % of magnesium
perchlorate (Fig. 3) constitutes a first insight into the pro-
teomic analysis of the responses of this bacterium to cold
and salty (particularly perchlorates) conditions. Our result
that shows a shift in the liquidus point of 0.4 K (Fig. 1A) in
the Rhodococcus sp. JG3 cultures falls again within the
experimental error. However, when we compared the ob-
tained values in the Rhodococcus sp. JG3 cultures with those
obtained with E. coli, the question remains as to whether the
presence of Rhodococcus sp. JG3 could have a modifying
effect over the freezing point/properties of the water
component of the perchlorate system, an effect that is not
occurring in the case of E. coli. This was our starting hy-
pothesis, and after this first attempt at verification, we can
only present a null result here. Still, we hypothesize that this
effect, pending corroboration with additional experiments,
would arise as a result of the molecular response of this
bacterium to cope with the stressful conditions, maybe using
IBPs or other possible molecules.

Several examples of how IBPs work support this idea.
The EfcIBPs from the Antarctic bacteria consortium have
both TH and ice recrystallization inhibition activities to
control the formation and growth of ice crystals, which con-
tribute to the survival at subzero temperatures (Mangiagalli
et al., 2018). Other microorganisms that live in icy habitats
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FIG. 3. Comparison of electrophoretic banding patterns
of protein extracts between cultures of Rhodococcus sp. JG3
and Escherichia coli in LB at optimal temperature, with
those in 20wt % Mg(ClO,), cultivated at 263 K. Central
lane (Protein marker) is the known pattern of a protein
standard (Precision Plus Protein™ All Blue Prestained
Protein Standards; Bio-Rad), which main molecular weights
are indicated on the right (kDa). Black stars show examples
of proteins in Rhodococcus sp. JG3 overexpressed at 263 K
in 20 wt % Mg(ClOy),. LB, Luria—Bertani broth.

secrete IBPs to the extracellular environment and, by
blocking ice formation, keep water channels open in the
surrounding ice for respiration, reproduction, and nutrient
uptake (Raymond and Kim, 2012; Davies, 2014). The psy-
chrophile and halophile Marinomonas primoryensis (Bar
Dolev and Braslavsky, 2017) uses its MpIBP to bind with
the ice, purportedly to keep the cell in the upper frozen layer
of the water column where oxygen and nutrients are more
abundant; moreover, this MpIBP could promote a favorable
microenvironment for other nearby microorganisms, which
suggests a biofilm-forming role for this protein.
Broadening these proteomic studies could inform with
regard to the responsible contributors of the interaction be-
tween the cells and the perchlorate system and other proteins
that are differentially expressed and involved in cell func-
tions in the cold salty conditions, such as some members
of the Csp family that also play a role in osmotic stress
(Phadarte, 2004; Schmid et al., 2009). Nevertheless, it is
promising to note the over- and underexpression of some
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proteins in the Rhodococcus sp. JG3 at 263 K 20wt %
Mg(CIO,),, in contrast with the optimal conditions that
could be IBPs and/or other frequent cold-adaptation proteins
such as Csp, among others. For instance, regarding the
bands of 21 and 50kDa, as previously indicated (Fig. 3),
there are a lot of different reported examples of proteins
around 21kDa (including some IBPs, and cold shock do-
mains [CSDs], such as the IBP of the Antarctic bacterium
Shewanella frigidimarina [SfIBP1]), that contain a common
domain to many IBPs, namely, the DUF3494 domain of
around ~25kDa (Vance et al., 2018) or the putative 21 kDa
protein, which contains two CSDs in Caulobacter crescen-
tus (Lang and Marques, 2004). One example of IBPs of
a molecular weight close to the 50kDa band is a 52kDa
lipoprotein of Moraxella sp. strain from Antarctica with
antifreeze activity that alters ice crystals into a hexagonal
shape (Yamashita er al., 2002). However, other proteins
have the molecular weights highlighted by the sodium do-
decyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE),
even in E. coli extracts (Fig. 3), and some of them are in-
volved in general stress responses or even in osmotic stress
response, as is the case of sigma factors (Okada et al., 2006;
Melnyk et al., 2011).

4.3. The effect of cold and salty conditions
on the survivability of bacteria

The study of the combined cold and salty conditions bears
an extra relevance, beyond the understanding of the central
role of IBPs, because relatively often the molecules syn-
thetized by bacteria to cope with both conditions are the
same, as is the case, for example, of the synthesis of tre-
halose and other compatible osmotic solutes (De Maayer
et al., 2014; Cray et al., 2015). Previous work has reported
the survivability rates of different species of bacteria in
perchlorate solutions, at different temperatures and for dif-
ferent periods of time (Al Soudi et al., 2017; Heinz et al.,
2018, 2019), but to the best of our knowledge, no previous
reports have studied the combined effect of several condi-
tions relevant to Mars, including (1) high concentration of
magnesium perchlorate in solution, (2) subfreezing incuba-
tion temperatures, and (3) medium-long incubation times,
as we have considered in this study. The results of our Mars-
relevant experiments show that although the majority of
the cells in the analyzed cultures died after exposure to
freezing temperatures and high concentrations of perchlo-
rates, as expected, some cells remained viable in the solu-
tions (Fig. 2), and they were even able to recover after the
optimal growth conditions were restored.

The limits of growth in perchlorate for Rhodococcus re-
main unknown, but several studies of other halotolerant
microorganisms indicate tolerance and growth at concen-
trations up to 20% in a nonperchlorate salt (NaCl). Growth
is reduced (around 2%) in the case of magnesium perchlo-
rate, but it increases if both salts are combined in the me-
dium (Matsubara et al., 2017). On the contrary, Al Soudi
et al. (2017) established a minimum growth of the haloto-
lerant Halomonas venusta (HL12) in a medium supple-
mented with a 10% of magnesium perchlorate that was near
the threshold chosen for faint growth (0.1 OD unit). These
data are in agreement with the relative survival rate ob-
served in our Rhodococcus sp. JG3cultures (Fig. 2A).
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Specifically, as described in Section 3, when Rhodo-
coccus sp. JG3 was reinoculated in LB media and at optimal
temperature after the exposure to perchlorate and sub-
freezing temperatures, a significant increment of biomass
was observed. This suggests that the few surviving cells,
detected by cytometry and observed with confocal micros-
copy, kept their ability to multiply when optimal environ-
mental conditions were restored. This is in agreement with
results of previous studies where microbes and other or-
ganisms were found to be able to enter into a kind of
standby mode (stasis) (Mackenzie et al., 1977; Junge et al.,
2004; Storey and Storey, 2004) and recover upon warming
to the restored conditions of temperature that allows water to
reach a liquid state. Sun et al. (1995) reported a recovery of
Pseudomonas putida GR12, after a short incubation at 253
K and 223 K during 24 h, when optimal conditions were
restored. A reversible response of the chaotropic effects on
cells observed in our experiments has been reported as
well in fungi studies (Williams and Hallsworth, 2009), and
Hydrogenothermus marinus, a thermophilic bacterium with
a morphology that can be affected by the presence of per-
chlorates, is reversed back to its original nonaggregated
shape when it is cultured again in a medium without per-
chlorates (Beblo-Vranesevic et al., 2017). These morpho-
logical changes of bacteria and their aggregation in the
perchlorate solutions have been recently described as well
for Planococcus halocryophilus as a salt stress response
(Heinz et al., 2019), and have also been observed in our
Rhodococcus cultures in Mg(ClOy,), (Fig. 2B).

Regarding the tolerance of E. coli cells to both stress
conditions simultaneously (cold and perchlorate), we de-
tected moderate living biomass and a change in the mor-
phology of cells from the rod shape to a more spherical one.
We cannot exclude the possibility of an overestimation of
the survivability of E. coli due to these changes in mor-
phology that differed from the normal shape of cells in the
control culture and used to establish the cytometry settings
for measures; and even the yellow color of these more
spherical cells, which indicates an intermediate stage on the
path to death, could have contributed to this overestimation.
Several reports have shown that bacterial morphological
changes are indeed caused by environmental stress condi-
tions (Shen and Chou, 2016), which happens especially in
salty media and at low temperatures for gram-negative
bacteria such as E. coli (Yang et al., 2016). In particular,
different types of bacteria tolerant to high perchlorate con-
centrations became larger and morphologically aberrant
(Oren et al., 2014), or aggregated into long cellular chains
(Beblo-Vranesevic et al., 2017), when exposed to this salt.
The effect of perchlorates on the morphology of methano-
genic archaea has also been reported (Shcherbakova et al.,
2015).

4.4. Implications for the habitability
of martian perchlorate solutions

Although the specific roles of IBPs as extreme adaptive
strategies of microorganisms to cold temperatures are well
known and have been extensively exploited in many bio-
technological applications over the last decade (Lorv et al.,
2014), little is known about their implications in astrobi-
ology and on the search for life elsewhere in the solar sys-
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tem. Here, we hypothesize that some proteins such as the
IBPs—and possibly others, including some similar to Csp
that may act as if they were ‘‘cold-brine shock proteins”—
could help to modify the microenvironment around micro-
organisms to achieve conditions of enhanced habitability
where and when water availability is a key factor, as seems
to be the case for Mars during most (if not all) its geological
history (Fairén, 2010).

We hypothesize that the physical presence of bacteria
capable to cope with cold and salty conditions may have an
influence on cold brines, providing favorable scenarios for
the formation of microniches where life would be possible.
Average temperatures typical for the winter at low- and
midlatitudes on Mars are in the range of 220-250 K
(Mohlmann and Thomsen, 2011; Martinez et al., 2017),
therefore overlapping with the lowest temperature described
compatible with active metabolism of bacterium such as
P. halocryophilus Or1 at 248 K (Mykytczuk et al., 2013), or
others from the Antarctic glacial isolate bacteria at 240 K
(Bakermans and Skidmore, 2011). The lowest temperature
at which Rhodococcus keeps metabolically active has been
established at 258 K (Goordial et al., 2015), close enough to
that of the formation of perchlorate brines. Therefore, we
wonder if, in the path to freezing temperatures—and even if
not succeeding in terms of cellular division—the molecular
machinery activated could modify to some extent the mi-
croenvironment of the brines to make them potentially more
habitable, at least in a very slow pace and in the long term.
Our goal is to obtain a better understanding about the
strategies that microorganisms could have been able to
adopt in Mars-analog environments on the Earth, as a way to
help guide the search for specific biomarkers on Mars.

4.5. Ongoing/future work

The hypothesis presented here opens new perspectives
with which to explore more deeply those mechanisms mi-
croorganisms use to adapt to stressors in microenviron-
ments, and it will aid in our understanding whether, as a
result of adaptation, microorganisms can influence extreme
cold and salty environments and make them more hospita-
ble. To test the hypothesis presented here and complement
this work, a modification of the incubation times and an
increase in the number of samples and the amount of bio-
mass used would be required. Further development in this
new area of research would also require the following: (1)
extending our experiments to a variety of halophilic ar-
chaea; bacteria; relevant eukaryotes (e.g., Antarctic cryp-
toendolithic lichens); other aerobic psychrophilic strains, in
particular, in which IBPs have been recently described in
detail; and anaerobic cultures where perchlorates can act
as electron acceptors; (2) extending our analyses by using
different salt components; (3) incorporating additional as-
says of the potential changes in the eutectic point of dif-
ferent salts influenced by the presence of microorganisms
and, as a result, the changes in the adaptation of the mi-
croorganisms to salinity and at different subzero tempera-
tures, as well as temperature cycles that may act as
triggering factors for the synthesis of IBPs; (4) identifying
and isolating IBPs and the search for other proteins pro-
duced by microorganisms in different salt solutions at
freezing temperatures and at different concentrations in
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calorimetry experiments; (5) studying in detail the effect
of vitrification on bacteria and on the proteins expressed by
them; and (6) from these studies and along additional pro-
teomic analyses, identifying new biomarkers to be consid-
ered for the astrobiological exploration of Mars and other
planetary bodies.

5. Conclusions

We have presented here the novel question of whether
microorganisms can change the freezing/melting curve of
perchlorate (or any salt) solutions. Our study has implications
with regard to our understanding of the potential habitability
of brines on Mars, given that the ability to extend the liquid
phase by protein expression could offer an ecological advan-
tage for organisms on Earth and on Mars. We tried to verify
our hypothesis by identifying a suitable candidate and testing
it. However, we did not find any definitive effect on phase
transitions, despite the evidence of a change in protein ex-
pression and reduced survivability. The fact that the specific
combination of bacteria (Rhodococcus sp. JG3) and salt (cold
Mg-perchlorate solutions) tested did not show the expected
effect means that we can only report in this article a null result
in testing our hypothesis, although the question remains an
interesting one and deserves further examination. We plan to
continue the search for proteins produced by microorganisms
that inhabit very cold and highly saline solutions to determine
whether there are any effects on the liquid-to-ice transition.
Our plans include testing halophilic archaea, bacteria, and
some relevant eukaryotes (such as Antarctic cryptoendolithic
lichens) by using different salt components.

Future results achieved by further experiments could
provide meaningful insight as to the impact microbial life
may have had in the past on Mars and throughout the
planet’s evolution. The possibility that certain microorgan-
isms could modulate their environments to some extent by
influencing the chemical properties of the aqueous phases,
and therefore providing favorable microniches that support
their survival, constitutes an intriguing path by which to
explore the hypothesis of the existence of self-regulating
complex biogeological systems with feedback mechanisms
(Lovelock and Margulis, 1974), which may be applicable to
life on Earth and potentially on Mars.
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