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Abstract: The Phoenix lander atMars polar cap found appreciable levels of (per)chlorate salts, a mixture of
perchlorate and chlorate salts of Ca, Fe, Mg and Na at levels of *0.6% in regolith. These salts are highly
hygroscopic and can form saturated brines through deliquescence, likely producing aqueous solutions with
very low freezing points on Mars. To support planetary protection efforts, we have measured bacterial
growth tolerance to (per)chlorate salts. Existing bacterial isolates from the Great Salt Plains of Oklahoma
(NaCl-rich) andHot Lake inWashington (MgSO4-rich) were tested in high concentrations ofMg, K andNa
salts of chlorate and perchlorate. Strong growth was observed with nearly all of these salinotolerant isolates
at 1% (*0.1 M) (per)chlorate salts, similar to concentrations observed in bulk soils on Mars. Growth in
perchlorate salts was observed at concentrations of at least 10% (*1.0 M). Greater tolerance was observed
for chlorate salts, where growth was observed to 2.75 M (>25%). Tolerance to K salts was greatest, followed
by Mg salts and then Na salts. Tolerances varied among isolates, even among those within the same
phylogenetic clade. Tolerant bacteria included genera that also are found in spacecraft assembly facilities.
Substantial microbial tolerance to (per)chlorate salts is a concern for planetary protection since tolerant
microbes contaminating spacecraft would have a greater chance for survival and proliferation, despite the
harsh chemical conditions found near the surface of Mars.
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Introduction

Oxyanions of chlorine have been detected on the surface of
Mars (Hecht et al. 2009; Kounaves et al. 2010; Ming et al.
2014; Clark & Kounaves 2015). The Phoenix lander at Mars’
polar region measured levels of*0.4–0.6% in regolith that re-
present chlorate and perchlorate salts and perhaps other oxy-
chlorines. (Per)Chlorate also has been detected at the Curiosity
landing site and in Moon and meteorite samples (Glavin et al.
2013; Jackson et al. 2015b). Common cations include calcium,
iron, magnesium and sodium (Kounaves et al. 2014; Ming
et al. 2014). While their planetary distribution is uneven, chlo-
ride and (per)chlorate salts are widespread (Clark &Kounaves
2015). The (per)chlorate salts are highly hygroscopic and there-
fore have relevance to astrobiology studies of Mars. There is
reason to believe that enough humidity exists in the atmosphere
of Mars to create deliquescent brines through absorption of
water by (per)chlorate salts (Chevrier et al. 2009; Martín-
Torres et al. 2015; Ojha et al. 2015). Equally as important is
the fact that brines of (per)chlorate salts have very low eutectic
temperatures, some remaining liquid even to below –70°C
(Möhlmann & Thomsen 2011; Clark & Kounaves 2015).
The intense aridity and extremely low temperatures at the

Martian surface create environmental conditions particularly

challenging to organisms. It has been suggested that (per)
chlorate salts may be important sources of liquid water in the
Martian near surface (Zorzano et al. 2009; Davila et al. 2010;
Nuding et al. 2014). Spectral evidence is consistent with the
idea that recurring slope lineae result from brines of Mg per-
chlorate, Mg chlorate and Na perchlorate (Ojha et al. 2015).
Strong oxidants, such as oxychlorines, are typically incompat-
ible with living systems. However, due to mechanistic kinetic
barriers, (per)chlorate salts are quite stable in aqueous environ-
ments and are not easily reduced (Urbansky 1998; Gu et al.
2003).
Perchlorate salts on the Earth tend to result from industrial

processes that produce explosives, herbicides, lubricants,
paints and paper (Motzer 2001; Urbansky 2002). These salts
can contaminate drinking water and be toxic to humans,
through competition with iodine in the thyroid (Hooth et al.
2001; Kalkhoff et al. 2010; EPA 2011). Natural perchlorate
salts have been detected in the very arid regions of the
Atacama Desert and Antarctica (Kounaves et al. 2010;
Jackson et al. 2015a). This includes Chilean nitrate deposits,
which have levels of perchlorate approaching 0.6% (Ericksen
1981). Trace levels of perchlorate salts have been detected in
a variety of other aqueous and soil environments (Smith
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et al. 2004; Rajagopalan et al. 2006, 2009; Rao et al. 2007).
Given the rarity of these salts worldwide, it might be expected
that growth tolerances to high concentrations of (per)chlorate
would be rare among microorganisms.
An early study by Durand (1938) found appreciable micro-

bial growth tolerance to Na perchlorate. Bacterium coli
(Escherichia coli) grew in the presence of 2.5% (*0.25 M) Na
perchlorate and Staphylococcus pyogenes aureus (S. aureus),
showed slow growth in the presence of 7.5% (*0.75 M), but
no growth at 10% (*1.0 M), Na perchlorate. Sterigmatocystis
nigra (Aspergillus niger) exhibited strong mycelial growth at
1% (*0.1 M) Na perchlorate and approximately 25% as
much growth at 4% (*0.4 M) Na perchlorate. A recent prelim-
inary report suggests that the haloarchaeonHaloarcula argenti-
nensis can grow in the presence of 0.5 M (*5%) perchlorate,
even in medium containing 15% (*3.0 M) NaCl (Thombre
et al. 2015). A study of halotolerant Haloarcula, Haloferax
and Halomonas demonstrated strong growth in the presence of
0.4 MNa perchlorate, with weak growth ofHaloferax at 0.6 M
(Oren et al. 2014). Two other recent studies examine another
clade ofArchaea. Methanogenesis was demonstrated to proceed
in the presence of 1% perchlorate, but no higher, for strains of
Methanobacterium, Methanosarcina and Methanothermobacter
(Kral et al. 2016). However, when adapted to higher concentra-
tions of perchlorate salts, these methanogens appeared to me-
tabolize despite the presence of up to 5% (but not 10%)
perchlorate. A similar study with Methanobacterium and
Methanosarcina isolates from permafrost observed methano-
genesis only at very much lower concentrations of Mg and Na
perchlorates, 0.1% (*10 mM) or less (Shcherbakova et al.
2015). Another previous study with a facultative anaerobic con-
sortium did not detect growth at 0.4% perchlorate (Bardiya &
Bae 2005).
There is a substantial body of literature onmicrobes that can

use perchlorate as a terminal electron acceptor for anaerobic
respiration (Wallace et al. 1996, 1998; Coates et al. 1999;
Herman & Frankenberger 1999; Okeke et al. 2002; Coates &
Achenbach 2004; Shete et al. 2008). Typically perchlorate is
added to media at concentrations below 1 mM. The biological
reduction of perchlorate is performed by perchlorate reductase,
producing a chlorite anion, which is toxic to cells if not further
reduced to chloride. It has been suggested that microorganisms
with nitrate reductase can convert perchlorate into chlorite, but
that this is then cytotoxic. Certainly (per)chlorate respiration
has clear astrobiology relevance given that (per)chlorate brines
may be present onMars. However, perchlorate respirers would
still need to be tolerant to very high concentrations of (per)
chlorate salts.
Microbes exhibiting high tolerance to (per)chlorate anion

also need to be tolerant of high concentrations of the accom-
panying cations. We have examined (per)chlorate growth tol-
erance in bacteria isolated from hypersaline environments,
including terrestrial hyperhaline soils rich in NaCl from the
Great Salt Plains of Oklahoma and epsomite lake margins
and sediments rich in MgSO4 from Hot Lake in Washington.
Our study has relevance to potential forward contamination of
(per)chlorate brines on Mars by spacecraft carrying soil

particles or the salinotolerant bacteria commonly found in
spacecraft assembly facilities (SAF).

Materials and methods

Organisms

Bacterial isolate collections previously generated from hyper-
saline environments were used to measure growth tolerances.
We previously characterized 93 halotolerant aerobic hetero-
trophic bacteria isolated from the Great Salt Plains of
Oklahoma, a wet terrestrial environment saturated with
NaCl (Caton et al. 2004). Similar work at Hot Lake, WA, an
environment saturated with MgSO4 (epsomite), yielded a col-
lection of 64 bacterial isolates from sediments and lake margin
samples (Kilmer et al. 2014). A group of 18 isolates from these
collections was chosen for further study based on salinotoler-
ance and taxonomy (Table 1).

Media and growth measurements

Bacterial cultures were grown on Salt Plains (SP) medium sup-
plemented with various (per)chlorate salts (Caton et al. 2004).
Shake tubes (2 ml in 13 × 100 mm tubes) were lightly loop-
inoculated in triplicate (below 0.05 OD units) from agar slants
and maintained at room temperature on a rotary shaker (150
rpm, 1-in stroke dia). Culture density was determined as A600

by spectrophotometry (ThermoFisher Genesys 10S) using a
medium blank at the time of inoculation and at 2 days intervals
for 12 days after inoculation. Error bars of SD were generally
smaller than the symbols used for plotting growth curves.
The water activity of each medium (Table 2) was measured

using an AqualLab Series 3 water activity meter (Decagon
Devices, Inc., Pullman, WA). The instrument was calibrated
with standard NaCl solutions and run at room temperature.

Table 1. Salinotolerant bacteria used for this study from Hot
Lake (Kilmer et al. 2014) and the Great Salt Plains (Caton
et al. 2004)

Isolate Identification GenBank accession

HL11 Marinococcus halophilus KC705247
HL12 Halomonas venusta KC705248
HL14 Halomonas venusta KC705250
HL20 Planococcus maritimus KC705257
HL54 Marinococcus halophilus KC705293
HL55 Bacillus licheniformis KC705294
HL64 Nesterenkonia halotolerans KC705304
HL68 Bacillus licheniformis KC705308
HL76 Nesterenkonia halotolerans KC705317
HL80 Planococcus salinarum KC705322
HL82 Halomonas venusta KC705324
HL91 Planococcus salinarum KC705334
GSP3 Halomonas venusta AY505527
GSP10 Bacillus megaterium AY505510
GSP11 Terribacillus halophilus AY553069
GSP17 Salibacillus marismortui AY505533
GSP21 Halomonas salina AY553072
GSP63 Bacillus licheniformis AY553106

230 A. F. Al Soudi et al.

https://doi.org/10.1017/S1473550416000434 Published online by Cambridge University Press

https://doi.org/10.1017/S1473550416000434


(Per)chlorate measurements

Chlorate and perchlorate concentrations were measured by ion
chromatography as previously described (Carlström et al.
2015). Briefly, a mobile phase of 36 mM NaOH was used
with a Dionex Ion Pac AS 25 column (4 × 250 mm) in a
Dionex ICS 500 instrument in recycle mode with a Dionex
ASRS 300 (4 mm) and suppressor control at 90 mA. Samples
of culture media were clarified by filtration (0.22 µm) before di-
lution and analysis.

Results

Growth tolerance to perchlorate salts

Growth tolerances to high concentrations of (per)chlorate salts
were determined for 18 salinotolerant bacterial isolates. Tests
were performed at several concentrations ofMg, K and Na per-
chlorate salts and with K and Na chlorate salts. Representative
growth curves are presented for HL12, aHalomonas venusta iso-
late from Hot Lake, which was particularly tolerant to (per)
chlorate exposure (Figs. 1–3).
Magnesium perchlorate is a likely Mars salt and is a major

contributor to the *0.6% (*0.06 M) level of (per)chlorate
salts observed by Phoenix (Hecht et al. 2009). Growth of
HL12 in the presence of 0.05 M (*1%) Mg perchlorate was
rapid and robust (Fig. 1). Growth in the presence of 0.25 M
(*5%) Mg perchlorate was slower and the cultures did not
become as dense as those cultures grown with 0.05 M Mg
perchlorate. The small amount of growth that HL12 may
have exhibited in medium supplemented with 0.5 M Mg
perchlorate was near the threshold that was chosen for faint
growth (0.1 OD unit). All of the salinotolerant isolates grew
robustly in the presence of 0.05 M Mg perchlorate, except HL
54and 82 (Table 3).Half of the isolates exhibited positive growth
in the presence 0.25 MMg perchlorate.While some growthmay
have occurred at levels as high as 0.5 M (*10%)Mg perchlorate
for certain isolates, it was limited and inconsistent.

Growth of HL12 was robust in the presence of 0.1 and 0.5 M
Na perchlorate (Fig. 2). At 1.0 M Na perchlorate, growth was
slower and the maximum density reached was <30% of that at-
tained in the presence 0.5 M Na perchlorate. Only HL12
showed substantial growth at 1.0 M Na perchlorate. HL11, 12
and 55 grew robustly with 0.5 M Na perchlorate. Overall, 12 of
18 isolates showed growth in 0.5 M Na perchlorate. All showed
robust growth at 0.1 M Na perchlorate, except for HL82.
HL12 showed robust growth in the presence of K perchlo-

rate at ≤1.0 M (Fig. 3). The growth tolerance of HL12 to the

Table 2. Water activities of (per)chlorate salt solutions

Solute aw

0.1 M NaClO3 0.99
0.5 M NaClO3 0.98
1.0 M NaClO3 0.96
1.5 M NaClO3 0.94
2.0 M NaClO3 0.91
2.75 M NaClO3 0.89
0.1 M KClO3 0.99
0.5 M KClO3 0.98
1.0 M KClO3 0.98
0.1 M NaClO4 0.99
0.5 M NaClO4 0.98
1.0 M NaClO4 0.96
0.1 M KClO4 0.99
0.5 M KClO4 0.98
1.0 M KClO4 0.97
0.05 M Mg(ClO4)2 0.99
0.25 M Mg(ClO4)2 0.98
0.5 M Mg(ClO4)2 0.97 Fig. 1. Growth of HL12 in SP medium supplemented with Mg

perchlorate. Bacterial growth in shake-tube cultures was measured by
turbidity and is presented in OD units. SD of some triplicate cultures
were smaller than the point markers. Stars, 0.05 M Mg perchlorate;
triangles, 0.25 M Mg perchlorate; squares, 0.5 M Mg perchlorate.

Fig. 2. Growth of HL12 in SP medium supplemented with Na
perchlorate. Bacterial growth in shake-tube cultures was measured by
turbidity and is presented in OD units. SD of some triplicate cultures
were smaller than the point markers. Stars, 0.1 M Na perchlorate;
triangles, 0.5 M Na perchlorate; squares, 1.0 M Na perchlorate.
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K salt was substantially greater at 1.0 M than was growth tol-
erance to the correspondingMg or Na salts. The salinotolerant
isolates overall performed better in the presence of K perchlo-
rate than with Mg or Na perchlorate (Table 3). More than half
of the isolates grew well in the presence of 1.0 MKperchlorate,
while growth inMg andNa salts at 1 M perchlorate was barely
detectable. All of the isolates grew well at 0.1 MK perchlorate
and only HL20 and GSP10 did not grow well at 0.5 M K per-
chlorate. The solubilities of calcium and iron perchlorate salts
in media were too low (<0.1 M) for meaningful growth tolerance
experiments.

Growth tolerance to chlorate salts

Growth tolerances to chlorate salts were greater among the iso-
lates than were growth tolerances to perchlorate salts (cf.
Tables 3 and 4). All of the isolates grew robustly in the presence
of 0.1 M Na chlorate, except HL 54 and 82 (Table 4). This
trend continued up to 1.0 M Na chlorate, and in medium
with 1.5 M Na chlorate, 13 of 18 isolates grew well. At 2.75
M (*25%) Na chlorate, HL 11 and 12 showed strong growth,
while several other isolates exhibited weak growth. Note that
none of the isolates grew strongly in 1 M perchlorate salts.
Growth curves for HL12 at different concentrations of Na
chlorate show that, for the highest concentrations tested, lag
phases were longer, growth rates were slower, and maximum
culture densities were lower (Fig. 4). However, growth was
still substantial even at 2.75 MNa chlorate, the highest concen-
tration at which media could be prepared without visible pre-
cipitate. In the presence of 1.0 M K chlorate, growth was
strong for all isolates, except HL 80 and 82 (Table 4), with
this being the highest concentration that could be added to cul-
turemediumwithout visible precipitate. HL12 grew robustly in
the presence of 0.1 or 0.5 M K chlorate, but growth was
slowed, although still strong, at 1.0 M K chlorate (Fig. 5).
Tolerance to K chlorate was not consistently greater than to
Na chlorate, in contrast to the corresponding perchlorate
salts.Wewere unable to obtain Ca orMg chlorate commercial-
ly to complete the iterative matrix of salts. The solubility of
iron chlorate in media was too low (<0.1 M) for meaningful
growth tolerance experiments.

(Per)chlorate retention by cultures

While it appears that these salinotolerant bacterial isolates can
grow in the presence of high concentrations of (per)chlorate
salts, it was possible that the microbes detoxify the anions,

Fig. 3. Growth of HL12 in SP medium supplemented with K
perchlorate. Bacterial growth in shake-tube cultures was measured by
turbidity and is presented in OD units. SD of triplicate cultures were
smaller than the point markers. Stars, 0.1 M K perchlorate; triangles,
0.5 M K perchlorate; squares, 1.0 M K perchlorate.

Table 3. Maximum culture density (OD units) observed for sa-
linotolerant bacterial isolates grown in the presence of perchlo-
rate salts

Isolate

Solute concentration (M)

Na perchlorate Mg perchlorate K perchlorate

0.1 0.5 1.0 0.05 0.25 0.5 0.1 0.5 1.0

HL11 2.52 2.09 0.04 2.62 0.14 0.05 1.55 1.26 0.38
HL12 2.63 2.21 0.60 2.69 1.09 0.05 1.81 1.48 1.22
HL14 2.65 0.07 0.04 1.92 0.01 0.04 1.26 1.09 1.08
HL20 1.90 0.01 0.09 2.42 0.21 0.08 0.84 0.06 0.01
HL54 2.02 0.22 0.08 0.69 0.11 0.06 1.78 1.12 1.31
HL55 2.33 0.98 0.09 1.84 0.62 0.05 1.24 1.15 1.10
HL64 2.48 0.03 0.10 2.56 0.30 0.06 1.88 1.46 1.17
HL68 2.56 0.45 0.09 2.25 0.57 0.05 0.98 0.62 0.02
HL76 2.54 0.02 0.10 2.64 0.04 0.15 1.19 0.34 0.02
HL80 2.66 0.01 0.09 1.74 0.02 0.01 2.13 1.23 0.72
HL82 0.05 0.04 0.10 0.01 0.02 0.03 1.12 1.05 1.08
HL91 1.30 0.50 0.09 1.94 0.64 0.11 1.54 1.14 1.01
GSP3 1.35 0.37 0.09 2.47 0.08 0.11 2.12 1.32 0.09
GSP10 1.63 0.15 0.09 2.18 0.03 0.03 1.63 0.15 0.07
GSP11 1.29 0.42 0.09 1.76 0.03 0.32 2.15 1.12 1.09
GSP17 1.44 0.35 0.09 2.14 0.10 0.30 1.02 0.98 0.43
GSP21 1.71 0.16 0.09 2.19 0.05 0.07 1.71 1.32 1.02
GSP63 1.54 0.80 0.09 1.96 0.04 0.07 1.04 0.50 0.01

Table 4. Maximum culture density (OD units) observed for sa-
linotolerant bacterial isolates grown in the presence of chlorate salts

Solute concentration (M)

Na chlorate K chlorate

Isolate 0.1 0.5 1.0 1.5 2.0 2.75 0.1 0.5 1.0

HL11 2.34 2.48 2.18 2.29 1.65 1.62 2.54 2.32 2.38
HL12 1.95 2.30 2.16 2.03 1.81 1.81 2.46 2.08 1.03
HL14 1.39 1.57 0.76 0.03 0.24 0.15 2.02 1.98 1.08
HL20 1.87 1.67 1.63 0.06 0.06 0.06 0.98 0.87 0.89
HL54 0.28 0.74 0.38 0.11 0.10 0.07 2.00 1.54 1.21
HL55 1.42 1.40 1.18 0.49 0.05 0.04 1.87 1.73 1.54
HL64 2.25 2.55 0.62 0.58 0.07 0.06 2.43 2.31 2.21
HL68 1.02 1.59 1.10 0.46 0.05 0.07 1.27 1.06 0.99
HL76 2.22 2.41 0.76 1.13 0.09 0.08 2.99 2.06 2.01
HL80 1.80 1.81 0.04 0.04 0.11 0.11 0.79 0.52 0.43
HL82 0.01 0.06 0.06 0.02 0.06 0.06 0.18 0.14 0.08
HL91 0.82 1.72 1.01 0.73 0.05 0.03 1.07 0.98 0.87
GSP3 1.38 2.27 1.58 0.81 0.14 0.14 1.21 0.93 0.97
GSP10 2.05 1.97 1.51 1.12 0.05 0.04 1.03 0.93 0.97
GSP11 1.38 2.24 1.69 1.61 0.21 0.21 1.75 1.62 1.09
GSP17 1.38 1.99 0.97 1.49 0.30 0.22 1.65 1.43 1.23
GSP21 1.33 1.94 1.54 1.46 0.39 0.39 1.87 1.84 1.66
GSP63 1.37 2.11 0.77 1.30 0.18 0.18 2.08 2.01 1.98
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removing them before substantially growing. Chlorate and per-
chlorate levels were measured by ion-exchange chromatography
before and after microbial cultivation. Overall there were only
small differences between the (per)chlorate concentrations of
media before and after cultivation. For example, in medium con-
taining 0.25 M Mg perchlorate, there was less than a 2% differ-
ence between the initial concentration of perchlorate and the
concentration of perchlorate after the growth of HL12 in batch
culture. Similarly, for medium containing 0.5 M Na chlorate,
there was less than a 2% change in chlorate concentration after
batch culture of HL12. Tests with other cations, isolates and con-
centrations gave the same general outcome. In addition, no

appreciable chlorate was present after bacterial cultivation in
any medium initially containing perchlorate. Perchlorate respir-
ation is an anaerobic process and it does not appear that (per)
chlorate was metabolized in our aerobic cultures. (Per)Chlorate
added to the medium remained at high concentrations through-
out the development of the microbial culture.

Discussion

The ability to grow in the presence of 0.1 M (*1%) perchlorate
appears to be widespread among bacteria from hypersaline en-
vironments. Nearly all of the salinotolerant bacterial isolates ex-
amined grew, not only in the presence 0.1 M perchlorate salts,
but also at 0.5 M (*5%), and some grew at 1.0 M (*10%).
Only Durand (1938) has demonstrated bacterial growth at
such high perchlorate concentrations. Furthermore, we have de-
monstrated bacterial growth at concentrations of chlorate up to
2.75 M (*25%), where previous tolerance studies have not in-
cluded chlorate salts.
Soils near the Phoenix lander appear to contain*0.4–0.6%

(per)chlorate salts. If this was evenly distributed in the soil and
then incorporated into liquid brine, the bacteria in our study
could easily tolerate that level of (per)chlorate. However, it is
likely that (per)chlorate salts exist as distinct phases within the
soil. These hygroscopic salts may form heavy brines through
deliquescence. Hence, the effective concentrations of (per)
chlorate salts in solution would be much higher than the
0.6% (per)chlorate observed in bulk soil. Strong arguments
can bemade that (per)chlorate brines are some of themost like-
ly sources of liquid water onMars (Zorzano et al. 2009; Davila
et al. 2010). In our study, the highest perchlorate concentration
that allowed bacterial growth was 10%. This is far lower than
the eutectic concentrations of perchlorate salts. For instance,
Na perchlorate has its eutectic point at 52 wt% at –37°C,
while the eutectic point of Mg perchlorate is 44 wt% at –67°C
(Chevrier et al. 2009). It is possible that certain bacteria, perhaps
those adapted to an environment high in perchlorate, are ca-
pable of growth at higher concentrations of perchlorate than
observed in our study. Survival of viable cells likely occurs at
higher (per)chlorate concentrations than growth. The great de-
gree of chlorate tolerance we observed, with growth above 25%
chlorate, is closer to what would be needed to grow in a eutectic
solution of Na chlorate (39 wt% at –23°C) (Hanley et al. 2012).
Note that the eutectic point for K chlorate is 3 wt% at –3°C and
well within the growth tolerances observed for K chlorate
among our isolates.
Tolerance to chlorate salts was greater than tolerance to per-

chlorate salts by a wide margin. Limited growth in perchlorate
salts was not solely due to cation effects, since all of the isolates
can growat concentrations ofNaCl andMgSO4 above 1.0 M.At
2.75 M Na chlorate, however, Na concentrations are reaching
the Na tolerance limits of even these salinotolerant microbes.
Of the isolates in our study, only HL 11, 20 and 54 have been
shown to grow above 20% NaCl (Kilmer et al. 2014).
Inhibition of the growth of HL91 above 1.5 M (*15%) Na
chlorate for example may have been due to cation effects, since
this organism tolerates 10% (1.7 M) NaCl, but not 20% (3.4 M)

Fig. 4. Growth of HL12 in SP medium supplemented with Na
chlorate. Bacterial growth in shake-tube cultures was measured by
turbidity and is presented in OD units. SD of some triplicate cultures
were smaller than the point markers. Diamonds, 0.1 M Na chlorate;
triangles, 0.5 M Na chlorate; X, 1.0 M Na chlorate; +, 1.5 M Na
chlorate; stars, 2.0 M Na chlorate; circles, 2.5 M Na chlorate.

Fig. 5. Growth of HL12 in SPmedium supplemented with K chlorate.
Bacterial growth in shake-tube cultures wasmeasured by turbidity and
is presented in ODunits. SD of triplicate cultures were smaller than the
point markers. Stars, 0.1 M K chlorate; triangles, 0.5 M K chlorate;
squares, 1.0 M K chlorate.
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NaCl. While growth of these isolates occurs in ≥50% (*2 M)
MgSO4, growth in Mg perchlorate was inhibited at much
lowerMg concentrations (Crisler et al. 2012). Growth in relative-
ly high concentrations ofMg chlorate may be possible, however,
that salt could not be obtained commercially. Strong growth was
observed with K perchlorate addition, best seen for isolates that
were less tolerant overall. For instance, HL 54 and 82 were par-
ticularly sensitive to (per)chlorate salts, with HL82 unable to
grow at even 0.1 M Na perchlorate. However, these isolates
grew strongly in 1.0 M K perchlorate. Isolates most tolerant to
perchlorate seemed to mirror those most tolerant to chlorate,
suggesting a common mechanism for growth inhibition.
The observation of high (per)chlorate tolerance in salinotol-

erant bacteria demonstrates that terrestrial microbes are capa-
ble of growing at concentrations of (per)chlorate salts found in
Mars soils. However, one of the most likely sources of bacteria
that contaminate spacecraft is common oligosaline soil from
around the SAF (Foster & Winans 1975; Puleo et al. 1977).
Common soils appear to harbour bacteria capable of growing
at relatively high concentrations of salts and this is a concern
for forward planetary protection (Echigo et al. 2005; Chen
et al. 2010). Initial microbial abundance measurements by
most probable number analysis of oligosaline turf soils found
that 1.7 × 105 and 7.1 × 103 cells g−1 soil were tolerant to 10
and 20% NaCl, respectively (Kilmer et al. 2010; Porazka
et al. 2011). Similarly, preliminary measurements of the abun-
dance of bacteria tolerant to (per)chlorate salts indicate that it
is not rare to find microbes that are tolerant to concentrations
of (per)chlorate salts relevant to Mars (Crisler et al. 2013a, b;
Al Soudi et al. 2016).While our salinotolerant isolates are from
rare extreme environments, some of the bacterial species iso-
lated from SAFs match those from hypersaline environments
(Caton et al. 2004; Moissl et al. 2008; Stieglmeier et al.
2009). The cleanrooms that act as SAFs are dry environments
(≤40% relative humidity) and it has been shown that salinotol-
erant microbes are present on surfaces and perhaps enriched by
selection (Venkateswaran et al. 2001, 2003a, b; La Duc et al.
2003; Link et al. 2003; Kempf et al. 2005). It will be interesting
to directly test microbial isolates from SAFs and neighbouring
soils for (per)chlorate tolerance.
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