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On Mars, significant amounts (0.4–0.6%) of perchlorate ions were detected in dry soil
by the Phoenix Wet Chemistry Laboratory and later confirmed with the Mars Science
Laboratory. Therefore, the ability of Hydrogenothermus marinus, a desiccation tolerant
bacterium, to survive and grow in the presence of perchlorates was determined. Results
indicated that H. marinus was able to tolerate concentrations of sodium perchlorate
up to 200 mM (=ˆ 1.6%) during cultivation without any changes in its growth pattern.
After the addition of up to 440 mM (=ˆ 3.7%) sodium perchlorate, H. marinus showed
significant changes in cell morphology; from single motile short rods to long cell chains
up to 80 cells. Furthermore, it was shown that the known desiccation tolerance of
H. marinus is highly influenced by a pre-treatment with different perchlorates; additive
effects of desiccation and perchlorate treatments are visible in a reduced survival rate.
These data demonstrate that thermophiles, especially H. marinus, have so far, unknown
high tolerances against cell damaging treatments and may serve as model organisms
for future space experiments.
Keywords: perchlorates, morphology, thermophiles, desiccation, survival

INTRODUCTION
Research on perchlorates has increased over the course of the last 30 years. The natural occurrence
of perchlorates is in geographically limited very arid environments such as the Atacama Desert
in Chile (Trumpolt et al., 2005; Catling et al., 2010). For example, perchlorate concentrations in
nitrate mineral deposits in the Atacama Desert are known to be 0.028 wt % (Michalski et al., 2004).
Not only on Earth, but also on our neighboring planet Mars, perchlorates have been detected,
however, in much higher concentrations than on Earth. Significant amounts of perchlorate ions
(0.4–0.6%) were first detected by the Phoenix lander in regolith in the northern polar region
(Vastitas Borealis) (Hecht et al., 2009). Data from additional studies provide strong evidence that
the soil samples analyzed by the Wet Chemical Laboratory on board the Phoenix lander contain
calcium perchlorate (Ca-perchlorate) and magnesium perchlorate (Mg-perchlorate) (Kounaves
et al., 2014). In general, the data obtained from the Mars Science Laboratory suggests that
perchlorates occur throughout the entire surface of Mars (Archer et al., 2013). At distinct
craters, different perchlorates were identified. Data from the Compact Reconnaissance Imaging
Spectrometer on board the Mars Reconnaissance Orbiter detected a mixture of sodium perchlorate
(Na-perchlorate) and Mg-perchlorate in the Palikir and Hale crater (Ojha et al., 2015), at Horowitz
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Methanobacterium strains and two Methanosarcina strains) are
also influenced in their growth behavior at low concentrations
(up to 0.01 M) of Na-perchlorates (Shcherbakova et al.,
2015). Spores of Bacillus subtilis germinate at a Na-perchlorate
concentration of up to 0.1 M (Nagler and Moeller, 2015), a higher
concentration (≥0.6 M) of Na-perchlorate and Mg-perchlorate
lead to complete inactivation of the germination process (Nagler
and Moeller, 2015). It has been reported that several halotolerant
strains show only slight alterations in their growth pattern in the
presence of perchlorates: nearly all of the halotolerant isolates
grew in the presence of 0.05 M Mg-perchlorate. Some exhibited
positive growth even in the presence 0.25 M Mg-perchlorate.
While some growth may have occurred at levels as high as 0.5 M
Mg-perchlorate for certain isolates, the data are limited and
inconsistent (Al Soudi et al., 2017).
The identification of perchlorates at different locations
on Mars directs the research interest to the investigation
of perchlorate tolerance or even perchlorate metabolism in
Earth organisms. Since on Earth, natural perchlorates occur
mainly in arid areas like desserts, a first thought is that
desiccation tolerant microorganisms might be capable to
surviving exposures to perchlorates. In previous studies, a
variety of Bacteria and Archaea have been screened for their
tolerance to desiccation. Because of its desiccation tolerance, the
deep-branching microaerophilic bacterium Hydrogenothermus
marinus proved to be a promising model organism in many
respects. H. marinus exhibits a unique tolerance to desiccation
and to exposure to elevated salt concentrations (Beblo et al., 2009;
Beblo-Vranesevic et al., 2017). Therefore, it was hypothesized
that this organism would survive and grow in the presence
of perchlorates. To test this hypothesis we determined the
ability of this organism to replicate after exposure to different
perchlorates, even in combination with desiccation. Additionally,
the results from H. marinus were compared to other well
known (model) microorganisms. These well studied organisms,
namely Escherichia coli, B. subtilis, and Deinococcus radiodurans,
originate from different habitats on Earth and are known to react
in different ways to an exposure to cell damaging treatments.

crater, Na-perchlorate can be found (Ojha et al., 2015) and
Ca-perchlorate at the Gale Crater (Glavin et al., 2013).
Although the detailed formation mechanism is still unknown,
two different formation mechanisms of Martian perchlorates
have been proposed to explain their occurrence on the surface
of Mars. One explanation suggests that the perchlorates were
produced on the surface where Martian surface minerals
catalyze the photochemical oxidation of chlorides to perchlorates
(Schuttlefield et al., 2011; Kim et al., 2013). It was shown
that in chloride containing Martian soil simulants, perchlorates
are produced in the presence of ultraviolet light (Carrier
and Kounaves, 2015). Another formation mechanism proposes
atmospheric formations where Martian perchlorates may have
originated are the result of reactivity of atmospheric oxidants in
the arid environment on Mars (Catling et al., 2010).
The assessment of the potential habitability of Mars is based
on one hand on the state of knowledge of the prevailing
environmental conditions on the surface and in the subsurface
of Mars and on the other hand on the state of knowledge of
the survivability of Earth organisms under extreme Mars-like
conditions (Cockell et al., 2016). Potential organisms should
survive an exposure to perchlorates or should even able to
live in the presence of perchlorates. Since the detection of
perchlorates on Mars some years ago, the tolerance of nonperchlorate metabolizing microorganisms against perchlorates
has been tested (e.g., Oren et al., 2014; Shcherbakova et al.,
2015; Kral et al., 2016; Al Soudi et al., 2017). In general,
perchlorate tolerant microorganisms can be affiliated in two
groups: organisms that are tolerant to perchlorates without
metabolizing them and perchlorate tolerant microorganisms
that consume/metabolize perchlorates. Thereby, the perchlorate
(ClO4 − ) is reduced in three steps to chloride (Cl− ); the reduction
potential is E0 = 1.29 V for the couple ClO4 − /Cl− (Logan,
1998; Coates and Achenbach, 2004). More than 40 different
strains, mostly belonging to the proteobacterial phylum are
known to have the ability to metabolize perchlorates (Coates
and Achenbach, 2004; Nerenberg, 2013). Up to now, only a
few archaeal perchlorate metabolizing representatives have been
identified, namely Archaeoglobus fulgidus and several species
from the family Halobacteriaceae (Liebensteiner et al., 2013;
Oren, 2014). Since the metabolizing rates were the focus of these
studies, the microorganisms were tested under low metabolic
meaningful perchlorate concentrations of up to 0.1 M (Attaway
and Smith, 1993). Thereby, the highest metabolic activity is
measured at concentrations between 0.02 and 0.04 M. In general,
data for the absolute resistance of the strains against high
perchlorate concentrations are often missing. In recent times,
non-perchlorate metabolizing microorganisms were also tested
in their tolerance against perchlorates. Amongst these Archaea
and Bacteria, different methanogenic, halophilic, and acidophilic
representatives with different tolerance levels could be found:
one example of a sensitive organism is the acidophilic iron
sulfur bacterium Acidithiobacillus ferrooxidans, known to be
possibly able to grow under Mars-like geochemical conditions
(Bauermeister et al., 2014). A. ferrooxidans cannot multiply in the
presence of 0.022 M (ˆ= 0.5%) and 0.044 M (ˆ= 1%) Mg-perchlorate
(Bauermeister, 2012). Different methanogenic Archaea (three
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MATERIALS AND METHODS
Strain and Culture Conditions
Hydrogenothermus marinus DSM 12046T was cultured in
microoxic (2% O2 in 1 bar H2 /CO2 ) modified VM1 medium
(ZoBell, 1941; Stöhr et al., 2001). Incubated at optimal growth
temperatures (T opt. : 65◦ C), a cell density of approximately 108
cells per ml was reached after 24 h of incubation. The reference
strain, E. coli K12 wild-type (DSM No. 498), was cultivated
in liquid NB medium (0.5% peptone, 0.3% meat extract) or
plated on solidified NB medium (NB medium with 1.5% agar).
Incubation temperature was at optimal growth temperature
(T opt. : 37◦ C). B. subtilis strain NCIB 3610T (DSM No. 10)
and D. radiodurans type strain R1T (DSM No. 20539) were
grown in TGY medium in liquid (0.5% tryptone, 0.3% yeast
extract, 0.1% glucose) or were plated on solidified TGY medium
(TGY medium with 1.5% agar). Incubation temperature was at
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organisms’ optimal growth temperature (B. subtilis: T opt. : 37◦ C;
D. radiodurans: T opt. : 30◦ C). Additionally, purified B. subtilis
spores were used for exposure experiments. Isolation of the
spores was conducted according to Nagler et al. (2014).

were calculated from the regression lines of the exponential slopes
of the mean survival curves as described by Harm (1980).

RESULTS
Exposure to Perchlorates

Shock exposure (15 min) to Na-perchlorate did not change
H. marinus’ survivability, and can be deduced from the nearly
straight line within the dose-survival curve (Figure 1A). This
is true for concentrations up to 5 M, that corresponds to the
maximal solubility limits of perchlorates in salty medium. After
long term exposure (96 h), a typical shouldered survival curve was
apparent (Figure 1A). There was no difference in survivability of
H. marinus if the shock experiments were performed at ambient
room temperature, or at the optimal growth temperature of
65◦ C. Interestingly, concentrations of Na-perchlorate (500 mM),
that is above the growth limit of H. marinus (440 mM; see
paragraph below), did not lead to a reduction in survivability
during long term exposure experiments. Only exposure to
1 M Na-perchlorate for 96 h reduced the survival rate by
approximately two orders of magnitude.
For comparison, the survivability of three other, well
investigated microorganisms originating from very different
environments, namely E. coli, D. radiodurans, and B. subtilis
(as vegetative cells or pure spores) was investigated after short
term shock exposure to Na-perchlorate (Table 1). Differences
in sensitivity were obvious (Figure 1B): E. coli was the most
sensitive as determined by the survival curve as well by the
calculated D10 -value (Table 1). Exposure to 2.5 M Na-perchlorate
for 15 min reduced the survival of E. coli by more than four
orders of magnitude. Higher concentrations led to complete
loss of viability. Vegetative B. subtilis cells showed a medium
sensitivity against short term shock exposure to Na-perchlorate
and were completely inactivated by concentrations higher than
4 M Na-perchlorate. D. radiodurans also reacted significantly
to an exposure (15 min) to Na-perchlorates, and exposure of
4 M Na-perchlorate led to a reduction in survivability by three
orders of magnitude. Only purified spores were as resistant
as H. marinus cells and did not react after a treatment with
Na-perchlorate up to 5 M (Table 1).
Hydrogenothermus marinus was able to replicate in the
presence of 440 mM Na-perchlorate. Higher concentration
(≥460 mM) led to an inability to replicate. However, the addition
of Na-perchlorate during growth led to morphological changes.
Under optimal growth conditions H. marinus cells usually appear
as single motile short rods (Figure 2A); in the presence of
Na-perchlorate chain formation in combination with a rounding
of the single cells within the chain occurred in a concentration
dependent manner. The threshold value below which no chain
formation could be observed was 100 mM. At concentrations
between 100 and 200 mM beside a minor fraction of single
cells, short chains up to approximately 10 cells dominated.
Concentrations between 200 and 440 mM led exclusively to
long almost immobile chains with different lengths up to
approximately 80 cells (Figures 2B–D). These morphological
changes were reversible after the cells were transferred into media
and cultivated overnight without perchlorate.

Different concentrations of three perchlorates [Na-perchlorate
NaClO4 ; Mg-perchlorate Mg(ClO4 )2 ; Ca-perchlorate Ca(ClO4 )2 ]
were added to cells grown at optimal standard conditions. Due to
the limited solubility of the perchlorates, concentrations higher
than 5 M could not be tested. The solubility of Na-perchlorate
hydrate in water is 2090 g per liter at 15◦ C. But the solubility
is noticeably reduced when the perchlorate is dissolved in the
modified salty VM-1 medium.
During the shock experiments, the cells were exposed for a
specified time (15 min or 96 h) to ascending concentrations of
Na-perchlorate at ambient room temperature or at 65◦ C (only
for H. marinus). Exposure was disrupted by a dilution step (1:100
and 1:400, respectively) and for analysis of the survivors; either
the most probable number assay or standard spread-plate assay
was used.
Additionally, H. marinus cells were cultivated in the presence
of different concentrations of Na-perchlorate.

Desiccation Experiments
Desiccation experiments were performed as described earlier
(Beblo et al., 2009). Briefly, cell concentrations were determined
by counting in a Thoma chamber (depth: 0.02 mm). The cell
suspensions (2 ml) were spread evenly on four glass slides
and dried for 24 h under oxic laboratory conditions (room
temperature, average relative humidity 33 ± 3.5%).

Determination of the Survival Rate
In general, growth and morphology of the cells was observed by
phase-contrast light microscopy (Zeiss AxiolmagerTM M2) with
400× or 1000× magnification.
Desiccated cells on glass slides or non-desiccated control
cells were transferred into a culture bottle with culture media.
Perchlorate exposed H. marinus cells in liquid suspension were
subjected to a dilution step (1:100). Since H. marinus do not
form colonies on solid surfaces with sufficiently high efficiency
(see strain references) plating assays on solid media could not
be applied. Detection of viable cells was achieved by the most
probable number technique via dilution series with 10-fold
dilution steps (Franson, 1985).
For E. coli, D. radiodurans, and B. subtilis the stop reaction
(1:400) dilution step was performed in sterile PBS buffer solution.
Afterward further dilution series were prepared and an aliquot of
each dilution was plated.
All experiments were performed at least three times
independently, representing biological replicas. The data shown
within the graphs represent mean values with standard
deviations. The survival rate (S) was calculated as relative survival
after treatment (N) compared to the non-treated control (N 0 )
(S = N/N 0 ). D10 -values, giving the dose of perchlorates in Molar
(M) which reduces the survival rate by one order of magnitude
R
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FIGURE 1 | Survival of H. marinus, E. coli, B. subtilis (vegetative cells), and D. radiodurans after exposure to Na-perchlorate at room temperature. (A) H. marinus
was either exposed to Na-perchlorate for 15 min (black circles) or for 96 h (gray circles). (B) E. coli (black triangle), B. subtilis (vegetative cells), and D. radiodurans
were exposed for 15 min to Na-perchlorate.

TABLE 1 | Calculated D10 -values of H. marinus and reference organisms after
treatment with Na-perchlorate.
Strains

D10 -value (15 min; NaClO4 )

H. marinus

>5 Ma

B. subtilis (purified spores)

>5 Ma

B. subtilis (vegetative cells)

1.9 M

E. coli

1.3 M

D. radiodurans

2.7 M

a Not

determinable precisely.

Hydrogenothermus marinus is tolerant to desiccation under
oxic and anoxic conditions is the same way (Beblo et al., 2009).
Nevertheless, the desiccation tolerance was negatively influenced
by the presence of different perchlorates. Below 100 mM Naperchlorate during cultivation, only minor effects occurred. In
contrast, concentrations of 100 mM and higher had an important
influence on desiccation tolerance. Even if H. marinus is able
to grow in the presence of Na-perchlorate up to 450 mM,
perchlorate treated cells showed survival after desiccation only
up to a maximum of 200 mM Na-perchlorate [S (24 h, 200 mM
NaClO4 ) = 1 × 10−8 ] (Figure 3A).
The presence of Mars analogous concentrations (0.5% wt/vol
and 1.0% wt/vol, corresponding to 35 mM and 71 mM
NaClO4 ) of different perchlorates (Na-, Mg-, and Ca-perchlorate)
during growth also influenced the survival after desiccation
treatment. The type of cation of the perchlorate did not have
a significant effect on the survival after desiccation. After
24 h of desiccation under oxic conditions, perchlorates in
concentration of 0.5% (wt/vol) led to an average survival rate
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FIGURE 2 | Light microscopic (100×; PH3) images of H. marinus under
standard cultivation conditions (A) and cultivation in the presence of 300 mM
Na-perchlorate (B–D).

of 3 × 10−4 ; concentrations of 1% (wt/vol) entail an additional
reduction of the survival rate of one to two orders of magnitude
(Figure 3B).

DISCUSSION
Halophilic Archaea and Bacteria (e.g., Halobacterium salinarum;
Halomonas elongata) are able to grow to some extent in
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FIGURE 3 | Survival of H. marinus after desiccation (24 h, oxic conditions), preceding cultivation of the cells was carried out at the indicated concentrations of
perchlorates. Reactivation after desiccation was carried out in standard (perchlorate free) medium. Ascending concentration of Na-perchlorate up to 300 mM (A).
Different concentration of different perchlorates [NaClO4 , Mg(ClO4 )2 , Ca(ClO4 )2 ] corresponding to 0.5% (wt/vol) and 1.0% (wt/vol), respectively (B). WD: without
desiccation; shaded: no perchlorate during cultivation; ∗ no viable cells could be detected after reactivation.

is one observed shape alteration that can be influenced by
several factors such as nutrient deprivation, oxidative stress, DNA
damage, exposure to antibiotics and temperatures shifts (Young,
2006; Justice et al., 2008; Perfumo et al., 2014). The presence
of perchlorates during growth led to a clearly visible change in
H. marinus’ morphology. At concentrations exceeding 0.2 M,
chain formation was observable. When Na-perchlorate was no
longer present, the morphological changes were completely
reversible and the cells were growing similar to control cells.
It seemed that Na-perchlorate triggers the chain formation.
Morphological changes due to Na-perchlorate are also described
for halophilic and methanogenic microorganisms. Grown at
the highest tolerated perchlorate concentrations, H. salinarum,
Haloferax mediterranei, and Haloarcula marismortui were
unusually swollen and deformed. For instance, H. elongata cells
looked normal up to 0.2 M Na-perchlorate, but in a medium
with 0.4 M Na-perchlorate, the cells had a thin and wrinkled
appearance (Oren et al., 2014). One methanogenic strain,
Methanobacterium arcticum, shows other morphological changes
and builds cyst-like cells in the presence of Mg-perchlorate
(Shcherbakova et al., 2015). The reason for the morphological
change of H. marinus is not known. It could be speculated that
the chain formation provides an advantage in the survival during
cell damaging conditions. Comparable phenomena, including
cell aggregation and biofilm formation have already been
observed in Sulfolobus solfataricus after UV-irradiation and in
A. fulgidus in various stress conditions (LaPaglia and Hartzell,
1997; Fröls et al., 2008). In addition to these two examples for
hyperthermophilic Archaea, filament formation is also known

perchlorate containing medium up to 0.4 M Na-perchlorate
(Oren et al., 2014; Matsubara et al., 2017). Compared to this,
H. marinus was as tolerant as the halophilic strains to perchlorates
and could grow in the presence of 0.45 M Na-perchlorate.
Similar results were obtained for the hyperthermophilic
Archaeon A. fulgidus where growth was observable up to
0.4 M Na-perchlorate. During the metabolic studies with
A. fulgidus it could be shown that perchlorates are stable
at different cultivation conditions: for example, incubation
temperatures of 85◦ C and high salt concentrations do not
lead to a degradation of the perchlorates during cultivation
(Liebensteiner et al., 2013; Al Soudi et al., 2017). Therefore,
degradation effects for of H. marinus, with an incubation
temperature of 65◦ C at moderate salt conditions can be
excluded.
The extraordinarily high tolerance of H. marinus was obvious
in the short term shock exposure experiments where the
exposure concentration exceeded by far the concentration where
growth is possible: 15 min in 5 M Na-perchlorates at room
temperature did not lead to any change in survivability. Only
96 h of exposure resulted in a reduced survivability. The Archaea
Methanothermobacter wolfeii, and Methanosarcina barkeri were
able to survive exposure to 5 and 25% perchlorates (Mg-, Ca-, Naperchlorate) for variable lengths of time with M. wolfeii surviving
the 25% (ˆ= 1.1 M Mg-perchlorate) concentration for 72 h (Kral
et al., 2016).
In general, modifying size and shape in response to changes
in the environmental conditions or to stress factors is known.
Filamentation, based on an incomplete cell division process,
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in Bacteria such as Listeria monocytogenes and Campylobacter
jejuni (Cameron et al., 2012; Jones et al., 2013). In these instances
the filamentation is caused by sublethal (e.g., hyperosmotic)
stress.
The cellular mechanisms for the morphological changes in
H. marinus remain speculative. It seemed that the perchlorates
ions penetrated the cells and interfere with the cell metabolism.
The cells were not able to divide properly in the presence
of Na-perchlorate. Which specific part of the cell division
mechanism is influenced by perchlorates cannot be clarified so
far: possible targets could be proteins used by microorganisms
for septum formation and cell separation/division. In this process
at least nine proteins (eight Fts proteins and the ZipA protein)
are involved (Lutkenhaus and Addinall, 1997). For example,
mutants of E. coli which have a mutation in the FtsA or the
FtsZ protein grow in filaments instead of single cells (Walker
et al., 1975; Addinall et al., 1996). Comparable results were
obtained for E. coli ZipA mutants (Pichoff and Lutkenhaus,
2002). Since the genome sequence and a knock out mutant system
for H. marinus are lacking, we could not elucidate which proteins
are affected, a situation also found for the other microorganisms
with morphological changes like H. salinarum, H. mediterranei,
H. marismortui, and H. elongata.
Not only morphology was influenced by the presence of
perchlorates, but also H. marinus’ desiccation tolerance was
affected by perchlorates. Compared to other vegetative cells,
H. marinus shows a significant desiccation tolerance and can
survive periods of water loss for up to 6 months (Beblo et al.,
2009). The combination of exposure to perchlorates during
growth followed by desiccation led to a typical additive effect.
The additive model may be particularly appropriate when
stressors affect different physiological processes (Folt et al., 1999).
However, it seemed that only single cells and not the cell chains
were tolerant to desiccation. Lower perchlorate concentrations
(0.5%; 1%) leading to a mixture of chains and single cells resulted
in a reduced survivability after desiccation. Concentrations
higher than 0.2 M, lead exclusively to growth in chains, resulted
in a complete disappearance of desiccation tolerance.
In general, the question arises whether the perchlorate ions
themselves and/or the corresponding counter ions play a role
in affecting the cells. Previous studies showed that H. marinus
is very tolerant to high salinity. The addition of NaCl (up to
1.2 M) during growth leads to formation and accumulation of
compatible solutes and an elevation of desiccation tolerance in
H. marinus (Beblo-Vranesevic et al., 2017). For some halotolerant
strains, an influence of the counter ions can be neglected (Al
Soudi et al., 2017). For H. marinus an influence of the counter
ions (Na+ , Ca2+ , Mg2+ ) can nearly be excluded, because all of
these ions are also present in the standard cultivation medium
(VM-1). VM-1 medium contains 0.4 M of Na+ ions, 0.13 M of
Mg2+ ions and 0.01 M of Ca2+ ions (Stöhr et al., 2001). These
ions are present in lower concentration in the standard medium
than during exposures to the corresponding perchlorates in the
experiment described above. Nevertheless, H. marinus is not only
adapted to them and is even dependent on their presence.
On Mars, liquid water may be temporarily available within
brines. Perchlorates, as hydroscopic substances, bind water from
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the atmosphere and contribute to the formation of these brines,
which remain liquid at low temperatures prevailing on the
surface of Mars (Gough et al., 2011; Toner and Catling, 2016).
Martian brines contain high amounts of different dissolved salts,
including chlorides, sulfates, and perchlorates (Kounaves et al.,
2014; Fox-Powell et al., 2016). Within this transient liquid water
on the surface of Mars, a simultaneous appearance of high
salt concentrations and perchlorates occur (Martín-Torres et al.,
2015). In subsurface of Mars pressure and temperature increases
with depth and thereby the probability of liquid, additionally
radiation protected, water reservoirs (such as subsurface aquifers)
rises, too (Boston et al., 1992; Dartnell et al., 2007). Thinking
about Martian habitability these areas could be one option
where microbial life could be preserved, survive or even
thrive.
In general, H. marinus unites some properties which are
of essential importance when discussing the past and present
habitability of Mars: the organisms can only grow at low oxygen
concentrations (down to 0.5 vol % O2 , Stöhr et al., 2001),
the Martian atmosphere contains today an average oxygen
concentration of 0.13% (Horneck, 2000); the cells are able to
grow in the presence of Martian concentrations of perchlorates
in combination with an exceptional desiccation tolerance (Beblo
et al., 2009); they are tolerant to salt concentrations up to
1.2 M (Stöhr et al., 2001; Beblo-Vranesevic et al., 2017); the
organism shows survival after exposure to UV-C and ionizing
radiation (Beblo et al., 2011). The radiation dose rate of ionizing
radiation on the surface of Mars was measured and calculated
to be up to 0.21 mGy per day (Hassler et al., 2014; Matthiä
et al., 2016) and is therefore significantly lower than in the
applied experiments. In these experiments, viable cells could
still be found after a dose of 5 kGy (Beblo et al., 2011). It
is assumed that even radiation sensitive organisms, such as
H. marinus, could survive the radiation occurring on the Martian
surface or in the first centimeter of Martian regolith for several
years or decades (Dartnell et al., 2007). Altogether, this makes
H. marinus a promising new model organism for studies in
Astrobiology.

AUTHOR CONTRIBUTIONS
KB-V and Kathya Bustamante (KB) performed experiments.
KB-V wrote the manuscript. HH and PR contributed to the
design of the study and both contributed to the writing and
editing of the manuscript.

ACKNOWLEDGMENTS
We want to thank Kathya Bustamante (KB) financed via a
DAAD exchange program for performing the experiments with
D. radiodurans, E. coli, and B. subtilis at the German Aerospace
Center. Purified B. subtilis spores were kindly provided by Dr.
Ralf Moeller (German Aerospace Center). Additionally, we want
to thank Rocco L. Mancinelli (NASA Ames Research Center) for
critically reading of the manuscript.

6

July 2017 | Volume 8 | Article 1369

Beblo-Vranesevic et al.

Tolerance of Hydrogenothermus marinus to Perchlorates

REFERENCES

hydrocarbons detected by SAM at the Rocknest aeolian deposit in Gale Crater.
J. Geophys. Res. Planets 118, 1955–1973. doi: 10.1002/jgre.20144
Gough, R. V., Chevrier, V. F., Baustian, K. J., Wise, M. E., and Tolbert, M. A. (2011).
Laboratory studies of perchlorate phase transitions: support for metastable
aqueous perchlorate solutions on Mars. Earth Planet. Sci. Lett. 312, 371–377.
doi: 10.1016/j.epsl.2011.10.026
Harm, W. (1980). Biological Effects of Ultraviolet Radiation. Cambridge: Cambridge
University Press.
Hassler, D. M., Zeitlin, C., Wimmer-Schweingruber, R. F., Ehresmann, B.,
Rafkin, S., Eigenbrode, J. L., et al. (2014). Mars’ surface radiation environment
measured with the Mars Science Laboratory’s Curiosity rover. Science
343:1244797. doi: 10.1126/science.1244797
Hecht, M. H., Kounaves, S. P., Quinn, R. C., West, S. J., Young, S. M., Ming, D. W.,
et al. (2009). Detection of perchlorate and the soluble chemistry of Martian soil
at the Phoenix lander site. Science 325, 64–67. doi: 10.1126/science.1172466
Horneck, G. (2000). The microbial world and the case for Mars. Planet. Space Sci.
48, 1053–1063. doi: 10.1089/ast.2012.0833
Jones, T. H., Vail, K. M., and McMullen, L. M. (2013). Filament formation by
foodborne bacteria under sublethal stress. Int. J. Food Microbiol. 165, 97–110.
doi: 10.1016/j.ijfoodmicro.2013.05.001
Justice, S. S., Hunstad, D. A., Cegelski, L., and Hultgren, S. J. (2008). Morphological
plasticity as a bacterial survival strategy. Nat. Rev. Microbiol. 6, 162–168.
doi: 10.1038/nrmicro1820
Kim, Y. S., Wo, K. P., Maity, S., Atreya, S. K., and Kaiser, R. I. (2013). Radiationinduced formation of chlorine oxides and their potential role in the origin of
Martian perchlorates. J. Am. Chem. Soc. 135, 4910–4913. doi: 10.1021/ja3122922
Kounaves, S. P., Chaniotakis, N. A., Chevrier, V. F., Carrier, B. L., Folds, K. E.,
Hansen, V. M., et al. (2014). Identification of the perchlorate parent salts at
the Phoenix Mars landing site and possible implications. Icarus 232, 226–231.
doi: 10.1016/j.icarus.2014.01.016
Kral, T. A., Goodhart, T. H., Harpool, J. D., Hearnsberger, C. E., McCracken, G. L.,
and McSpadden, S. W. (2016). Sensitivity and adaptability of methanogens
to perchlorates: implications for life on Mars. Planet. Space Sci. 120, 87–95.
doi: 10.1016/j.pss.2015.11.014
LaPaglia, C., and Hartzell, P. L. (1997). Stress-induced production of biofilm in
the hyperthermophile Archaeoglobus fulgidus. Appl. Environ. Microbiol. 63,
3158–3163.
Liebensteiner, M. G., Pinkse, M. W., Schaap, P. J., Stams, A. J., and Lomans, B. P.
(2013). Archaeal (per)chlorate reduction at high temperature: an interplay of
biotic and abiotic reactions. Science 340, 85–87. doi: 10.1126/science.1233957
Logan, B. E. (1998). A review of chlorate-and perchlorate-respiring
microorganisms. Bioremed. J. 2, 69–79. doi: 10.1080/10889869891214222
Lutkenhaus, J., and Addinall, S. G. (1997). Bacterial cell division and the Z ring.
Annu. Rev. Biochem. 66, 93–116. doi: 10.1146/annurev.biochem.66.1.93
Martín-Torres, F. J., Zorzano, M. P., Valentín-Serrano, P., Harri, A. M., Genzer, M.,
Kemppinen, O., et al. (2015). Transient liquid water and water activity at Gale
crater on Mars. Nat. Geosci. 8, 357–361. doi: 10.1038/ngeo2412
Matsubara, T., Fujishima, K., Saltikov, C. W., Nakamura, S., and Rothschild, L. J.
(2017). Earth analogues for past and future life on Mars: isolation of perchlorate
resistant halophiles from Big Soda Lake. Int. J. Astrobiol. 16, 218–228.
doi: 10.1017/S1473550416000458
Matthiä, D., Ehresmann, B., Lohf, H., Köhler, J., Zeitlin, C., Appel, J.,
et al. (2016). The Martian surface radiation environment–a comparison of
models and MSL/RAD measurements. J. Space Weather Space Clim. 6:A13.
doi: 10.1126/science.1244797
Michalski, G., Böhlke, J. K., and Thiemens, M. (2004). Long term atmospheric
deposition as the source of nitrate and other salts in the Atacama desert, Chile:
new evidence from mass-independent oxygen isotopic compositions. Geochim.
Cosmochim. Acta 68, 4023–4038. doi: 10.1016/j.gca.2004.04.009
Nagler, K., and Moeller, R. (2015). Systematic investigation of germination
responses of Bacillus subtilis spores in different high-salinity environments.
FEMS Microbiol. Ecol. 91:fiv023. doi: 10.1093/femsec/fiv023
Nagler, K., Setlow, P., Li, Y. Q., and Moeller, R. (2014). High salinity alters the
germination behavior of Bacillus subtilis spores with nutrient and nonnutrient
germinants. Appl. Environ. Microbiol. 80, 1314–1321. doi: 10.1128/AEM.
03293-13
Nerenberg, R. (2013). Breathing perchlorate. Science 340, 38–39. doi: 10.1126/
science.1236336

Addinall, S. G., Bi, E., and Lutkenhaus, J. (1996). FtsZ ring formation in fts mutants.
J. Bacteriol. 178, 3877–3884. doi: 10.1128/jb.178.13.3877-3884.1996
Al Soudi, A. F., Farhat, O., Chen, F., Clark, B. C., and Schneegurt, M. A.
(2017). Bacterial growth tolerance to concentrations of chlorate and
perchlorate salts relevant to Mars. Int. J. Astrobiol. 16, 229–235. doi: 10.1017/
S1473550416000434
Archer, P. D. Jr., Sutter, B., Ming, D. W., McKay, C. P., Navarro-Gonzalez, R.,
Franz, H. B., et al. (2013). “Possible detection of perchlorates by evolved gas
analysis of Rocknest soils: global implications,” in Proceedings of the 44th Lunar
and Planetary Science Conference Abstracts (Houston, TX: Lunar and Planetary
Institute).
Attaway, H., and Smith, M. (1993). Reduction of perchlorate by an anaerobic
enrichment culture. J. Ind. Microbiol. 12, 408–412. doi: 10.1007/BF01569673
Bauermeister, A. (2012). Characterization of Stress Tolerance and Metabolic
Capabilities of Acidophilic Iron-Sulfur-Transforming Bacteria and Their
Relevance to Mars. Doctoral dissertation, University of Duisburg-Essen,
Duisburg.
Bauermeister, A., Rettberg, P., and Flemming, H. C. (2014). Growth of the
acidophilic iron–sulfur bacterium Acidithiobacillus ferrooxidans under Marslike geochemical conditions. Planet. Space Sci. 98, 205–215. doi: 10.1016/j.pss.
2013.09.009
Beblo, K., Douki, T., Schmalz, G., Rachel, R., Wirth, R., Huber, H., et al. (2011).
Survival of thermophilic and hyperthermophilic microorganisms after exposure
to UV-C, ionizing radiation and desiccation. Arch. Microbiol. 193, 797–809.
doi: 10.1007/s00203-011-0718-5
Beblo, K., Rabbow, E., Rachel, R., Huber, H., and Rettberg, P. (2009). Tolerance
of thermophilic and hyperthermophilic microorganisms to desiccation.
Extremophiles 13, 521–531. doi: 10.1007/s00792-009-0239-1
Beblo-Vranesevic, K., Galinski, E. A., Rachel, R., Huber, H., and Rettberg, P.
(2017). Influence of osmotic stress on desiccation and irradiation tolerance
of (hyper)-thermophilic microorganisms. Arch. Microbiol. 199, 17–28.
doi: 10.1007/s00203-016-1269-6
Boston, P. J., Ivanov, M. V., and McKay, C. P. (1992). On the possibility of
chemosynthetic ecosystems in subsurface habitats on Mars. Icarus 95, 300–308.
doi: 10.1016/0019-1035(92)90045-9
Cameron, A., Frirdich, E., Huynh, S., Parker, C. T., and Gaynor, E. C. (2012).
Hyperosmotic stress response of Campylobacter jejuni. J. Bacteriol. 194,
6116–6130. doi: 10.1128/JB.01409-12
Carrier, B. L., and Kounaves, S. P. (2015). The origins of perchlorate in the Martian
soil. Geophys. Res. Lett. 42, 3739–3745. doi: 10.1002/2015GL064290
Catling, D. C., Claire, M. W., Zahnle, K. J., Quinn, R. C., Clark, B. C., Hecht, M. H.,
et al. (2010). Atmospheric origins of perchlorate on Mars and in the Atacama.
J. Geophys. Res. Planet. 115:E00E11. doi: 10.1029/2009je003425
Coates, J. D., and Achenbach, L. A. (2004). Microbial perchlorate reduction: rocketfuelled metabolism. Nat. Rev. Microbiol. 2, 569–580. doi: 10.1038/nrmicro926
Cockell, C. S., Bush, T., Bryce, C., Direito, S., Fox-Powell, M., Harrison, J. P., et al.
(2016). Habitability: a review. Astrobiology 16, 89–117. doi: 10.1089/ast.2015.
1295
Dartnell, L. R., Desorgher, L., Ward, J. M., and Coates, A. J. (2007). Modelling
the surface and subsurface Martian radiation environment: implications for
astrobiology. Geophys. Res. Lett. 34:L02207. doi: 10.1029/2006gl027494
Folt, C. L., Chen, C. Y., Moore, M. V., and Burnaford, J. (1999). Synergism
and antagonism among multiple stressors. Limnol. Oceanogr. 44, 864–877.
doi: 10.4319/lo.1999.44.3_part_2.0864
Fox-Powell, M. G., Hallsworth, J. E., Cousins, C. R., and Cockell, C. S. (2016).
Ionic strength is a barrier to the habitability of Mars. Astrobiology 16, 427–442.
doi: 10.1089/ast.2015.1432
Franson, M. A. H. (ed.). (1985). Standard Methods for the Examination of
Water and Wastewater, 16th Edn. Washington, DC: American Public Health
Association.
Fröls, S., Ajon, M., Wagner, M., Teichmann, D., Zolghadr, B., Folea, M., et al.
(2008). UV-inducible cellular aggregation of the hyperthermophilic archaeon
Sulfolobus solfataricus is mediated by pili formation. Mol. Microbiol. 70,
938–952. doi: 10.1111/j.1365-2958.2008.06459.x
Glavin, D. P., Freissinet, C., Miller, K. E., Eigenbrode, J. L., Brunner, A. E.,
Buch, A., et al. (2013). Evidence for perchlorates and the origin of chlorinated

Frontiers in Microbiology | www.frontiersin.org

7

July 2017 | Volume 8 | Article 1369

Beblo-Vranesevic et al.

Tolerance of Hydrogenothermus marinus to Perchlorates

of the reclassification of Hydrogenobacter acidophilus as Hydrogenobaculum
acidophilum gen. nov., comb. nov., in thephylum ‘Hydrogenobacter/Aquifex’.
Int. J. Syst. Evol. Microbiol. 51, 1853–1862. doi: 10.1099/00207713-51-5-1853
Toner, J. D., and Catling, D. C. (2016). Water activities of NaClO4 , Ca(ClO4 )2 , and
Mg(ClO4 )2 brines from experimental heat capacities: water activity > 0.6 below
200K. Geochim. Cosmochim. Acta 181, 164–174. doi: 10.1016/j.gca.2016.03.005
Trumpolt, C. W., Crain, M., Cullison, G. D., Flanagan, S. J., Siegel, L.,
and Lathrop, S. (2005). Perchlorate: sources, uses, and occurrences in the
environment. Remediat. J. 16, 65–89. doi: 10.1002/rem.20071
Walker, J. R., Kovarik, A. G., Allen, J. S., and Gustafson, R. A. (1975). Regulation of
bacterial cell division: temperature-sensitive mutants of Escherichia coli that are
defective in septum formation. J. Bacteriol. 123, 693–703.
Young, K. D. (2006). The selective value of bacterial shape. Microbiol. Mol. Biol.
Rev. 70, 660–703. doi: 10.1128/MMBR.00001-06
ZoBell, C. E. (1941). Studies on marine Bacteria. The cultural requirements of
heterotrophic aerobes. J. Mar. Res. 4, 42–75.

Ojha, L., Wilhelm, M. B., Murchie, S. L., McEwen, A. S., Wray, J. J., Hanley, J., et al.
(2015). Spectral evidence for hydrated salts in recurring slope lineae on Mars.
Nat. Geosci. 8, 829–832. doi: 10.1038/ngeo2546
Oren, A. (2014). Halophilic archaea on Earth and in space: growth and
survival under extreme conditions. Philos. Trans. R Soc. Math. Phys. Eng. Sci.
372:20140194. doi: 10.1098/rsta.2014.0194
Oren, A., Bardavid, R. E., and Mana, L. (2014). Perchlorate and halophilic
prokaryotes: implications for possible halophilic life on Mars. Extremophiles 18,
75–80. doi: 10.1007/s00792-013-0594-9
Perfumo, A., Elsaesser, A., Littmann, S., Foster, R. A., Kuypers, M. M., Cockell,
C. S., et al. (2014). Epifluorescence, SEM, TEM and nanoSIMS image analysis
of the cold phenotype of Clostridium psychrophilum at subzero temperatures.
FEMS Microbiol. Ecol. 90, 869–882. doi: 10.1111/1574-6941.12443
Pichoff, S., and Lutkenhaus, J. (2002). Unique and overlapping roles for ZipA
and FtsA in septal ring assembly in Escherichia coli. EMBO J. 21, 685–693.
doi: 10.1093/emboj/21.4.685
Schuttlefield, J. D., Sambur, J. B., Gelwicks, M., Eggleston, C. M., and Parkinson,
B. A. (2011). Photooxidation of chloride by oxide minerals: implications for
perchlorate on Mars. J. Am. Chem. Soc. 133, 17521–17523. doi: 10.1021/
ja2064878
Shcherbakova, V., Oshurkova, V., and Yoshimura, Y. (2015). The effects of
perchlorates on the permafrost methanogens: implication for autotrophic life
on Mars. Microorganisms 3, 518–534. doi: 10.3390/microorganisms3030518
Stöhr, R., Waberski, A., Völker, H., Tindall, B., and Thomm, M. (2001).
Hydrogenothermus marinus gen. nov., sp. nov., a novel thermophilic
hydrogen-oxidizing
bacterium,
recognition
of
Calderobacterium
hydrogenophilum as a member of the genus Hydrogenobacter and proposal

Frontiers in Microbiology | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Beblo-Vranesevic, Huber and Rettberg. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

8

July 2017 | Volume 8 | Article 1369

