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Abstract

Liquid water on Mars might be created by deliquescence of hygroscopic salts or by permafrost
melts, both potentially forming saturated brines. Freezing point depression allows these heavy
brines to remain liquid in the near-surface environment for extended periods, perhaps as
eutectic solutions, at the lowest temperatures and highest salt concentrations where ices
and precipitates do not form. Perchlorate and chlorate salts and iron sulphate form brines
with low eutectic temperatures and may persist under Mars near-surface conditions, but
are chemically harsh at high concentrations and were expected to be incompatible with life,
while brines of common sulphate salts on Mars may be more suitable for microbial growth.
Microbial growth in saturated brines also may be relevant beyond Mars, to the oceans of
Ceres, Enceladus, Europa and Pluto. We have previously shown strong growth of salinotoler-
ant bacteria in media containing 2M MgSO, heptahydrate (~50% w/v) at 25°C. Here we
extend those observations to bacterial isolates from Basque Lake, BC and Hot Lake, WA,
that grow well in saturated MgSO, medium (67%) at 25°C and in 50% MgSO, medium at
4°C (56% would be saturated). Psychrotolerant, salinotolerant microbes isolated from
Basque Lake soils included Halomonas and Marinococcus, which were identified by 16S
rRNA gene sequencing and characterized phenetically. Eutectic liquid medium constituted
by 43% MgSO, at —4°C supported copious growth of these psychrotolerant Halomonas iso-
lates, among others. Bacterial isolates also grew well at the eutectic for K chlorate (3% at —3°
C). Survival and growth in eutectic solutions increases the possibility that microbes contam-
inating spacecraft pose a contamination risk to Mars. The cold brines of sulphate and (per)
chlorate salts that may form at times on Mars through deliquescence or permafrost melt
have now been demonstrated to be suitable microbial habitats, should appropriate nutrients
be available and dormant cells become vegetative.

Introduction

For water to remain liquid at the frigid temperatures near the Martian surface, it must contain
high concentrations of solutes. Salts, sugars, and ammonia can depress the freezing point of
water dramatically (Table 1). For instance, sodium and magnesium chlorates depress the freez-
ing point of water to —23 and —69°C, respectively (Hanley et al., 2012). Oxyanions of chlorine
have been detected in Mars soils, reaching 0.6% near the Phoenix lander and likely exist as
separate hygroscopic phases (Hecht et al, 2009; Kounaves et al., 2010; Ming et al., 2014;
Clark and Kounaves, 2016). Ammonia at high concentrations can depress the freezing point
of water to —100°C and may be relevant to the oceans of Ceres and Pluto (Nimmo and
Pappalardo, 2016). Even NaCl can lower the freezing point of water to —21°C, while
MgSO, reduces it to a modest —4°C (Toner et al., 2014). Extremely salty and cold waters cre-
ated by permafrost melt or deliquescence may be the only wet habitats for microbes near Mars’
surface (Chevrier and Altheide, 2008; Davila et al., 2010; Hanley et al., 2012; Rummel et al.,
2014; Clark and Kounaves, 2016; Rivera-Valentin et al., 2018).

The eutectic point for a solution is the combination of the highest salt concentration and
the lowest temperature at which the solution remains free of ice and free of precipitate. Adding
more salt leads to precipitation, while lowering the temperature leads to ice formation. Liquid
water on Mars may be found at times as saturated or eutectic solutions from permafrost melt
or deliquescence. For instance, it has been hypothesized that saturated ferrous sulphate brines
might be the longest-lived liquids near the surface (Chevrier and Altheide, 2008). The eutectic
concentrations of relevant brines are typically high, above 20 wt% salt (Table 1). The eutectic
conditions for (per)chlorate salts are typically at concentrations of ~40 wt% or more. Eutectic
brines could form on Mars by deliquescence when these hygroscopic salts absorb atmospheric
moisture (humidity). Sufficient moisture is present at the Curiosity landing site to support this
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Table 1. Chemical compositions of saturated salt solutions at their eutectic
temperatures

Salt Eutectic conditions

Concentration (wt %) Temperature (°C)

MgS0, 17 -4
MgCl, 22 -33
Nacl 27 -21
Mg chlorate 47 —69
K chlorate 3 -3
Na chlorate 39 -23
Mg perchlorate 44 —67
Na perchlorate 52 =37

process with certain perchlorate salts (Chevrier et al., 2009; Hu
et al., 2016). Modelling suggests that permafrost melt would create
saturated salt solutions in pore spaces given the high salt concen-
trations in Mars regolith (Crisler et al., 2012). The current work
demonstrates bacterial growth in extremely high salt concentra-
tions, including the eutectic conditions for MgSO, and K chlorate,
the first demonstration of microbial growth in a brine that has a
reasonable likelihood of being present on Mars at certain times.

Growth of salinotolerant (exhibit growth at high salt concen-
trations) microbes has been demonstrated in the presence of
high concentrations of solutes, including saturated NaCl and
MgSO, solutions (Crisler et al, 2012; Schneegurt, 2012;
Fox-Powell and Cockell, 2018). We have examined culture collec-
tions captured from these natural environments rich in salts:
Great Salt Plains of Oklahoma (GSP; saturated with NaCl) and
Hot Lake, WA (HL) and Basque Lake, BC (BLE) (both saturated
with MgSO,) (Caton et al., 2004; Crisler et al., 2012, 2018; Kilmer
et al., 2014). Halotolerance (exhibits growth at high NaCl concen-
trations) and epsotolerance (exhibits growth at high MgSO, con-
centrations) appear to be widespread in both types of
environments, those rich in monovalent ions and those rich in
divalent ions. Water activities are low in both environments and
ionic strength is particularly high for epsomic lakes rich in sul-
phates. Low water activity is associated with the inhibition of
microbial growth, whether the solute be salts or sugars, due to
specific solute effects, which involve interplay of several physico-
chemical parameters (Grant, 2004; Schneegurt, 2012).
Salinotolerant and sucretolerant (exhibit growth at high sugar
concentrations) microbes are readily found in common soils
and thus are not found only in extreme environments (Echigo
et al., 2005; Al Soudi et al., 2017; Fredsgaard et al., 2017). We
have recovered remarkably tolerant microbes from spacecraft
assembly facilities (SAFs) as well, suggesting that microbes con-
taminating spacecraft may be able to grow under the extreme
chemical conditions expected at certain times near the surface
of Mars (Eberl and Schneegurt, 2015; Wilks et al., 2017).

While high salinities appear to be widely tolerated, microbial
growth at low temperatures seems to be more restricted (Clarke
et al., 2013; Bakermans, 2017). Although microbial metabolism
is generally slowed at low temperatures, methanogenesis has
been detected in permafrost at temperatures as low as —16.5°C
(Rivkina et al., 2000, 2007). Record microbial growth is limited
to about —20°C, higher than the freezing points of many eutectic
brines relevant to Mars and the ocean worlds. The suggestion is
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that the high salt concentrations of eutectic brines may be less
inhibitory to growth than their low temperatures on frigid celes-
tial bodies. We have reported growth of bacteria at >27% Na
chlorate and survival at the eutectic concentration (Al Soudi
et al., 2017; Schneegurt et al., 2018). However, growth at the Na
chlorate eutectic temperature of —23°C has yet to be demonstrated
for salinotolerant bacteria.

The current study examines microbial responses to two eutec-
tic solutions that appear suitable for growth and that are poten-
tially found at times on Mars. We have previously demonstrated
strong bacterial growth in the presence of 50% (w/v; 2M)
MgSO,, which is higher than the eutectic concentration for
MgSO, of 43% (w/v) (Crisler et al., 2012, 2018; Kilmer et al.,
2014). While the eutectic temperature for MgSO, is —3.9°C, we
had previously reported growth of salinotolerant bacteria in
10% NaCl at 4-7°C (Caton et al., 2004; Litzner et al., 2006;
Crisler et al., 2012, 2018). The second eutectic solution we have
examined is that of K chlorate, which is unusual among the
(per)chlorate salts in that its eutectic concentration of ~3% is
low and its eutectic temperature is moderate, near —3°C
(Hanley et al.,, 2012). In the current report, we demonstrate the
growth of psychrotolerant isolates from saline soils at each of
these eutectics. This is the first demonstration that terrestrial
microbes can grow in the densest brines potentially present at
times near the surface of Mars or near the oceans of icy worlds.

Materials and methods
Site description and sample collection

Water and lake margin soils (~100 g from top 4 cm) were collected
using sterile tools and containers from Basque Lake, BC at three
locations: S1 (50°36'02.5”N, 121°21'32.2'W), S2 (50°35'59.8"N,
121°21'27.6"W) and S3 (50°35'58.9"N, 121°21'27.2"W) (Fig. 1).
Aliquots for live culture work were held and transported fresh at
ambient temperature. The soils were predominantly grey or
black fine clays and silts, often with a strong sulfidic odour, and
were saturated with salts.

Organisms and enrichment of microbial isolates

Salinotolerant bacterial isolates were obtained previously from the
Great Salt Plains of Oklahoma, an environment rich in NaCl
(Caton et al., 2004; Litzner et al., 2006). Two previous studies
of epsomic lakes, Hot Lake, WA and Basque Lake, BC, provided
bacteria tolerant to 2M (50%) MgSO, (Kilmer et al, 2014;
Crisler et al., 2018). Finally isolates from an existing collection
of epsotolerant bacteria from the SAFs at NASA Jet Propulsion
Laboratory (JPL) were included in the current study (Eberl and
Schneegurt, 2015; Wilks et al., 2017). Additional psychrotolerant,
salinotolerant isolates were obtained from Basque Lake for the
current study. Enrichment cultures were started with fresh sam-
ples of Basque Lake soils in SP medium supplemented with
50% MgSO,. Seven isolates were obtained that grew well at salt
saturation for the growth temperature, namely, 67 and 56%
(w/v) MgSO, at 25 and 4°C, respectively, and in some cases,
under eutectic conditions with 43% (w/v) MgSO, at —4°C.
Cultures were maintained on SP medium (Caton et al., 2004),
a nutrient-rich medium containing per litre: NaCl, 1 g; KCI, 2.0 g;
MgS0,-7H,0, 1.0 g; CaCl,-2H,0, 0.36 g; NaHCO3, 0.06 g; NaBr,
0.23 g; FeCl5-6H,0, 1.0 mg; trace minerals, 0.5 ml; Bacto tryptone,
5.0 g; yeast extract, 10.0 g; glucose, 1.0 g; final pH 7.0. This was
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Fig. 1. Contextual map of Basque Lake showing sampling sites.

prepared with various concentrations of MgSO,, K chlorate or
NaCl. Throughout this work, MgSOy, is used to represent epsom-
ite, MgSO4 o7 H20

Measurement of growth in saturated and eutectic media

Bacterial growth was tested in SP medium (Caton et al., 2004),
supplemented with high concentrations of MgSO,4, K chlorate
or NaCl. Note that SP medium supplemented with salts at the
eutectic concentration formed brines that were near-eutectic for
a single salt, but by definition were not true eutectic solutions
since nutritive media components were added to support micro-
bial growth. Cultures were maintained in saturated MgSO, media
at 4°C before growth experiments under eutectic conditions. The
temperatures of the incubators were monitored with traceable
wire thermometers. There were no temperature anomalies during
the course of these experiments. Culture flasks and tubes were
partially buried in sand to damp the effects of temperature
changes due to thermostat cycling (~2°C range) or opening the
incubator for sampling. Cultures were kept in a moist box when
incubations were above 0°C. Growth was measured by turbidity
as optical density at 600 nm using a Thermo Scientific (Thermo
Fisher Scientific, Waltham, MA, USA) Genesys 10S UV-Vis spec-
trophotometer. An OD of 0.1 was chosen as the threshold for
positive growth. Growth also was measured by standard plate
count, with serial dilution and spread plating, to enumerate
colony-forming units. Plating was typically on SP medium sup-
plemented with 10% NaCl, since agar with high concentrations
of MgSO, did not gel. While culture turbidity is the product of
live cells, dead cells, and any materials that scatter or absorb
light, the standard plate count reflects only live cells capable of
forming a colony on agar. Not all replicate subcultures were suc-
cessful under the most extreme conditions.
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Characterization of bacterial isolates

Characterization of the bacterial isolates followed protocols
described previously (Caton ef al., 2004; Litzner et al., 2006). SP
medium composition was modified with different concentrations
of NaCl or MgSO, to measure salinity tolerances in liquid shake-
tubes. A threshold of 0.1 OD units was chosen for positive
growth. All isolates were Gram-stained using the Protocol
Gram-staining kit (Thermo Fisher Diagnostics, Waltham, MA,
USA) following the manufacturer’s instructions. The addition of
3% hydrogen peroxide solution to confluent plates or smears of
culture on slides was used to detect catalase. Oxidase testing
was performed using the BBL DrySlide system (BD, Franklin
Lakes, NJ, USA) according to the manufacturer’s instructions.
Amylase was determined after a 5-day incubation on Starch
agar (BD Difco, Franklin Lakes, NJ, USA), followed by flooding
of plates with 25% stabilized Gram’s iodine solution. Nitrate
reduction tests were done as previously described (Caton et al.,
2004). Production of acid and gas from carbohydrates was tested
using 0.5% (w/v) glucose, lactose or sucrose in culture tubes con-
taining inverted Durham tubes, using a 10% NaCl solution sup-
plemented with Bacto tryptone (10gl™') and phenol red
(0018 g1''; pH 7.3).

Crude DNA extracts from each isolate were prepared using a
freeze-thaw technique as described in Caton et al. (2004).
Genomic DNA in the supernatant was the target of PCR amplifi-
cation of nearly complete 16S rRNA gene fragments using univer-
sal bacterial primers (EUBPA: 5-AGAGTTTGATCCTGGCT
CAG-3’ and EUBPH: 5-AAGGAGGTGATCCAGCCGCA-3')
(Edwards et al., 1989). PCR was performed in a thermal cycler
(Eppendorf Mastercycler; Hamburg, Germany) as 25-pl reactions
containing 0.2 uM of each primer, 1 U of ExTaq DNA polymerase
and associated master mix (Takara, Kusatsu, Japan), and 5 pul of
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cell extract. DNA was denatured at 95°C for 2 min, followed by 40
cycles of 95°C for 1 min, 50°C for 1 min and 72°C for 1 min, with
a final 5 min extension at 72°C. PCR amplicons were single-pass
sequenced by a commercial vendor (Eurofins Genomics,
Louisville, KY, USA) using the EUBPA primer. Initial sequences
were trimmed to remove remaining vector regions. All sequences
appear in GenBank with accession numbers MH286503 to
MH286509 and MH503928 to MH503933, for BLE and JPL
sequences, respectively. Sequences were aligned using SILVA
and maximum likelihood analysis was used to build trees in
MEGA v7.0 (Kumar et al., 2016). Known contextual 16S rRNA
gene sequences from type organisms were identified in
GenBank using BLAST.

Results

Isolation and characterization of psychrotolerant bacterial
isolates

Basque Lake, Hot Lake and Spotted Lake have been recognized as
Mars analogues due to their high divalent ion concentrations and
low water activities (Kilmer et al., 2014; Pontefract et al., 2017;
Crisler et al, 2018). Our current bacterial collections include
more than 150 isolates from epsomic lakes, but these organisms
were not selected for psychrotolerance. Seven new isolates were
obtained from enrichments at 4°C in SP medium supplemented
with 50% MgSO,. Designated as BLE isolates, the bacteria were
identified by phylogenetic analysis of 16S rRNA gene sequences
(Fig. 2). Six BLE isolates were Gram-negative Halomonas and
BLE4 was a Gram-positive Marinococcus. The isolates were
closely related to those obtained earlier in this laboratory from
HL and the GSP.

Biochemical, morphological and physiological characteristics
of the BLE isolates are consistent with known related organisms
(Table 2). Isolates were all catalase-positive, except Halomonas
sp. str. BLE2, while only Halomonas sp. str. BLE 6 and 7 also
were oxidase-positive. Anaerobic nitrate respiration was observed
for Halomonas sp. str. BLE 5 and 6. Carbohydrate metabolism
was limited, as reflected by the absence of amylase activity, as
observed previously with microbes from hypersaline environ-
ments (Caton et al, 2004; Kilmer et al., 2014; Crisler et al.,
2018). It is possible that four of the isolates (Halomonas sp. str.
BLE 1-3, 5) are slightly salinophilic (requiring high salt for
growth), showing no growth in 0.1% NaCl, but growing at 1%
NaCl. All of the isolates grew at 20% NaCl and at 50% MgSO,.
All of the isolates grew at temperatures from 4 to 37°C. None
grew at 50°C and only Halomonas sp. str. BLE2 did not grow at
—4°C, near the eutectic temperature for MgSO, and K chlorate.

Screening of salinotolerant bacterial collections

Previous studies of salinotolerant bacteria from the GSP and HL
allowed for the selection of organisms with the highest likelihood
of growing under extremely salty and sub-zero eutectic conditions
(Table 3). A survey of HL bacteria found that only three of 19
salinotolerant isolates (Halomonas sp. str. HL 12 and 51 and
Marinococcus sp. str. HL70) grew well in saturated (67%)
MgSO, medium at 25°C, with four isolates (Halomonas sp. str.
HL 21, 26, and 62 and Planococcus sp. str. HL20) showing slight
growth. Representative growth curves by turbidity and plate count
are shown for HL12, a particularly tolerant Halomonas isolate
(Fig. 3). Growth is relatively rapid under these extreme salt
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conditions, with stationary phase reached ~4 day after inocula-
tion. Several of the BLE isolates were positive for growth in satu-
rated MgSO,4 medium at 25°C, including Halomonas sp. str. BLE
3 and 7 and Marinococcus sp. str. BLE4. Isolates obtained from
enrichments of SAF swabs in 50% MgSO, (Bacillus sp. str.
JPL10 and Staphylococcus sp. str. JPL27) also exhibited growth
in saturated MgSO, medium at 25°C. Doubling times ranged
from 9.6 to 46.7 h and maximum culture densities were above 1
OD, similar to those of low-salt cultures. When isolates were
grown at 4°C in saturated (56%) MgSO,, doubling times increased
substantially, being 300-700 h (12-29 days). Several BLE isolates
(Halomonas sp. str. BLE 1, 3, 5 and 7) and a HL isolate
(Nesterenkonia sp. str. HL76) grew under these conditions.

Growth under eutectic conditions

As cultures were transferred into environments that are closer to
eutectic conditions for MgSO,, growth was slowed or stopped
(Table 4). At —4°C (its eutectic temperature) and 21% MgSO,
(half of its eutectic concentration), several isolates grew, including
Bacillus sp. str. JPL17; Halomonas sp. str. BLE 1, 3, 5 and 6 and
HL 12; Nesterenkonia sp. str. HL 64 and 76; and Staphylococcus
sp. str. JPL16.

Growth of Halomonas sp. str. BLE 1, 3, 6 and 7 and Nesteren-
konia sp. str. HL76 was observed under the eutectic conditions for
MgSO,. A representative growth curve is presented for Halomo-
nas sp. str. BLE7, which grew best, and compared with that of
Marinococcus sp. str. BLE4, which did not grow at this eutectic
(Fig. 4). Note that growth is substantially slowed next to that
observed for saturated MgSO, at 25°C. In saturated MgSO, at
25°C, stationary phase was reached in about 4 days. However,
under eutectic conditions, it took >50 days and perhaps as long
as 200 days for Halomonas sp. str. BLE7 cultures to reach their
maximum cell density. Cells held under these conditions for
months appeared somewhat smaller than is typical and formed
mucoidy flocs. The characteristic orange coloration of Nesterenko-
nia sp. str. HL76 was maintained even in cultures incubated under
eutectic conditions for more than 2 years.

The eutectic state of K chlorate is at approximately the same
temperature as the MgSO, eutectic, but at a much lower salt
concentration (3% for K chlorate and 43% for MgSO,). Several
isolates showed substantial growth under the eutectic conditions
for K chlorate including Bacillus sp. str. JPL10, Halomonas sp.
str. BLE7, Nesterenkonia sp. str. HL64 and Staphylococcus sp.
str. JPL27. Representative data for BLE7 cultured at the K
chlorate eutectic point (only one of three replicates grew)
demonstrates that growth was slowed, as observed for eutectic
MgSO, (Fig. 5). Stationary phase was reached after 100 days
and perhaps not until near 200 days after inoculation. Our previ-
ous study reported that growth of salinotolerant isolates in K
chlorate up to 1M (10%) at room temperature was much more
rapid, reaching stationary phase in less than a week (Al Soudi
et al., 2017).

Discussion

Natural brines on Earth are usually dominated by chloride salts.
While chlorides are present in Martian soils, often sulphates are
found in higher abundance, reaching 30% by weight (Vaniman
et al., 2004; Gendrin et al., 2005). Dry conditions near Mars’ sur-
face allow the preservation of (per)chlorate salts that are rare on
Earth, being found in the driest soils of the Atacama Desert
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Fig. 2. Phylogenetic tree for psychrotolerant BLE bacterial

Marinococcus sp. str. BLE4 (MH286506)

isolates from Basque Lake based on 16S rRNA gene
sequences, with GenBank accession numbers.

Cytophaga marinofilava str. ATCC 19326T (AF203475)

— 0.01 substitutions/site

Table 2. Phenetic characteristics of psychrotolerant, salinotolerant bacterial isolates from Basque Lake

Trait BLE1 BLE2 BLE3 BLE4 BLE5 BLE6 BLE7
Gram - - - + = — -
Catalase + - + + + 4 ¥
Oxidase - = = - - + +
Nitrate reduction - = = - o + _
Glucose (acid/gas) +/+ == +/— +/— +/— +/— +/—
Sucrose (acid/gas) —/- —/- +/— +/+ +/+ == +/—
Lactose (acid/gas) —/- == == == —/— +/— +/+

All isolates were negative for citrate, indole, H,S, motility and phenylalanine deaminase.

(Kounaves et al., 2010; Jackson et al., 2015). Several of the salts
that are most relevant to soils on Mars are hygroscopic enough
to form saturated brines through deliquescence. When present,
cold liquid brines on Mars, rich in divalent ions and oxidants,
may be most limiting for growth when near their eutectic points.
Epsomic lakes of southern British Columbia and the Qaidam
Basin, China, have divalent ion concentrations similar to potential
Martian brines (Hammer, 1978, 1986; Haynes and Hammer,
1978; Kezao and Bowler, 1986; Last and Slezak, 1988; Last and
Ginn, 2005). How microbes from analogue sites, such as Hot
and Basque Lakes, respond to the chemical conditions on Mars
informs our understanding of habitable regions, forward plane-
tary protection and exobiology.
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Temperatures at the surface of Mars typically average below
—33°C, but can reach over —3°C in summer (Mellon et al,
2004). Maximum daily temperatures do not fall below —68°C.
Saturated solutions of some (per)chlorate and sulphate salts
would remain liquid under these conditions and could be main-
tained globally (Chevrier and Altheide, 2008). Heavy brines not
only have greatly depressed freezing points; evaporation of
water also is slowed, with less potential to boil at low ambient
atmospheric pressures. Brines below the surface of Mars would
evaporate even more slowly and are not as affected by diurnal
temperature changes at the surface. The high concentrations
and low eutectic temperatures of most (per)chlorate salts seem
non-permissive for microbial growth. Cells might freeze or vitrify
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Table 3. Growth of selected Hot Lake bacterial isolates in saturated (67%)
MgSO, at 25°C

507

Table 4. Growth of selected bacterial isolates from the Great Salt Plains, Hot
Lake, Basque Lake and JPL SAFs at —4°C with high salts

Culture density

(OD units)
Hot Lake isolate Initial Final Score
Marinococcus sp. str. HL3 0.047 0.031 -
Marinococcus sp. str. HL6 0.129 0.063 —
Marinococcus sp. str. HL10 0.015 0.029 -
Marinococcus sp. str. HL11 0.005 0.021 -
Halomonas sp. str. HL12 0.036 1.085 o+
Planococcus sp. str. HL20 0.109 0.276 +
Halomonas sp. str. HL21 0.063 0.171 +
Halomonas sp. str. HL26 0.094 0.157 +
Halomonas sp. str. HL51 0.053 1.234 +++
Marinococcus sp. str. HL54 0.020 0.057 -
Halomonas sp. str. HL62 0.113 0.224 +
Nesterenkonia sp. str. HL64 0.017 0.010 -
Bacillus sp. str. HL68 0.016 0.005 -
Halomonas sp. str. HL69 0.013 0.020 -
Marinococcus sp. str. HL70 0.043 0.794 ++
Nesterenkonia sp. str. HL76 0.056 0.021 -
Planococcus sp. str. HL80 0.056 0.063 -
Halomonas sp. str. HL82 0.020 0.000 =
Planococcus sp. str. HL91 0.011 0.024 -

Cultures were grown as shake-tubes in SP medium supplemented with salt. The threshold
for positive growth was 0.1 OD and qualitative scores reflect the relative robustness of
growth.

1.E+09 1 r1
1.E+08 9
= (2]
- S
[
z H
= o
> ]
G 1.E+07 o &
= -
o —_—
o o
o o
2 g
=3 -
(5] 2
1.E+06 9
1.E405 v v v v r r 0.01
0 2 4 6 8 10 12 14

Time After Inoculation (d)

Fig. 3. Growth of Halomonas sp. str. HL12 as shake-tubes in SP medium with satu-
rated MgS0, (67%, w/v) at 25°C. Circles, standard plate count on SP medium supple-
mented with 10% NaCl; squares, turbidity at 600 nm.

even within liquid brines (Fonseca et al., 2016). The high concen-
trations of Fe in the sulphate brines that might be the most per-
sistent on Mars (Chevrier and Altheide, 2008) also may prove to
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Growth at —4°C

Isolate 21% MgSO, 3% KClO3
Halomonas sp. str. GSP3 - -
Bacillus sp. str. GSP10 - -
Halomonas sp. str. GSP21 - —
Bacillus sp. str. GSP63 - -
Marinococcus sp. str. HL11 — -
Halomonas sp. str. HL12 + -
Marinococcus sp. str. HL54 — -
Nesterenkonia sp. str. HL64 + +
Nesterenkonia sp. str. HL76 T -
Planococcus sp. str. HL91 - -
Halomonas sp. str. BLE1 + -
Halomonas sp. str. BLE2 - -
Halomonas sp. str. BLE3 + -
Halomonas sp. str. BLES + -
Halomonas sp. str. BLE6 + -
Halomonas sp. str. BLE7 + +
Virgibacillus sp. str. JPL9 = =
Bacillus sp. str. JPL10 + +
Bacillus sp. str. JPL14 + -
Staphylococcus sp. str. JPL16 + -
Bacillus sp. str. JPL17 + -
Staphylococcus sp. str. JPL27 + +

Cultures were grown as shake-tubes in SP medium supplemented with salt. The threshold
for positive growth was 0.1 OD. Note that the K chlorate trials were at eutectic conditions.

be non-permissive for microbial growth, given the high reactivity
and hence high toxicity of Fe.

Copious growth has been demonstrated in saturated (67%)
MgSO, media at 25°C for bacteria isolated from Basque Lake
(Crisler et al., 2018). We report here (and elsewhere) growth at
very high MgSO, concentrations for bacteria isolated from the
Great Salt Plains, Hot Lake and JPL SAFs (Crisler et al., 2012).
The isolates studied in the current report do not appear to be
unique and growth at high MgSO, concentrations is remarkably
widespread, heightening planetary protection concerns. For the
first time, we demonstrate that bacteria can grow in a brine that
may be present at times on Mars. There has been speculation
that MgSO, brines are not suitable for life (Tosca et al., 2008),
but we have observed strong microbial growth at high MgSO,
concentrations (Crisler et al, 2012, 2018; Kilmer et al., 2014).
We now report that copious bacterial growth is possible in eutec-
tic solutions of MgSO, that may arise from permafrost melt or
deliquescence at certain times. Similar eutectic brines may exist
on ocean worlds such as Europa, suggesting that bacteria may
be able to grow in these environments too. While K is not a
major cation on Mars, it is possible that K chlorate salts could
be present and create brines. We demonstrate here for the first
time that bacteria can grow in eutectic K chlorate solutions.
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Fig. 4. Bacterial growth at the MgSO, eutectic in static liquid cultures of SP medium
supplemented with 43% (w/v) MgS0O, at —4°C. Closed, standard plate counts on SP
medium supplemented with 10% NaCl; open, turbidity at 600 nm; circles,
Halomonas sp. str. BLE7; squares, Marinococcus sp. str. BLE4.
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Fig. 5. Bacterial growth of Halomonas sp. str. BLE7 at the K chlorate eutectic as a
static liquid culture in SP medium supplemented with 3% K chlorate at —4°C.

Suitable conditions for microbial growth may well be intermit-
tent near the surface of Mars. There could be long periods of des-
iccation punctuated by the formation of heavy brines through
deliquescence or permafrost melt when conditions are somewhat
warmer than today. Microbes may need to remain cryptobiotic, in
a dormant form, for years, perhaps centuries, before revivification.
Studies on the survival of microbes under non-permissive growth
conditions relevant to Mars would address this possibility, with
concomitant measurement of metabolic state and DNA repair.
It has been suggested that tolerance to high salt involves many
of the same mechanisms leading to tolerance to other extreme
environmental conditions and that DNA repair mechanisms are
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key to survival (Wilson et al., 2004). If microbes existed on
Mars during a wetter period of its history, these may well have
been deposited with the salts present today and remained viable,
reviving when intermittent brines form in their vicinity.
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