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Protective Role of Spore Structural Components in Determining
Bacillus subtilis Spore Resistance to Simulated Mars Surface

Conditions
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Spores of wild-type and mutant Bacillus subtilis strains lacking various structural components were exposed to simulated Mar-
tian atmospheric and UV irradiation conditions. Spore survival and mutagenesis were strongly dependent on the functionality
of all of the structural components, with small acid-soluble spore proteins, coat layers, and dipicolinic acid as key protectants.

One major aspect of space biological research is the investiga-
tion of the responses of bacterial, viral, archaeal, and fungal
species, as well as biomolecules, to simulated Martian conditions
and their evaluation as potential forward contamination risks in
the context of planetary protection (2, 4-7, 11, 12, 24, 30, 37-40,
44-46). For this reason, Mars environmental simulation experi-
ments have been conducted to estimate (i) the survival rates of
terrestrial microorganisms and (ii) the persistence of organic mol-
ecules on Mars (3, 4, 10, 15, 25, 29, 30, 37, 38, 45). Historically,
several studies have explored the resistance of bacterial spores to
simulated Martian conditions (8, 10, 12, 14, and references there-
in); these studies have concentrated mainly on the survival of
spores of wild-type strains of various spore-forming species (10,
32, 38-40). More recent experiments have attempted to better
understand the molecular factors causing spore resistance to en-
vironmental extremes, in which mainly spores of the model or-
ganism Bacillus subtilis that carry mutations affecting spore pro-
tective factors or spore DNA repair systems have been used (9,
18-23; reviewed in references 16, 28, 41, and 42). Spores of B.
subtilis possess brownish pigmentation, thick layers of highly
cross-linked coat proteins, a modified peptidoglycan spore cortex,
a low core water content, and abundant intracellular constituents
such as the calcium chelate of dipicolinic acid (Ca-DPA) and o/3-
type small, acid-soluble spore proteins (SASP), all factors which
have been previously found to contribute to spore resistance (re-
viewed in references 16, 28, 41, and 42). However, the possible
roles of these factors in spore resistance to the extreme environ-
mental conditions prevailing on the surface of Mars have not been
explored, which is the subject of the present work.

The B. subtilis strains used in this study are listed in Table 1, and
all of the strains used were congenic to their respective wild-type
strains. Spores were obtained by cultivation under vigorous aera-
tion in double-strength liquid Schaeffer sporulation medium (36)
under identical conditions for each strain, purified, and stored as
described previously (31). When appropriate, chloramphenicol (5
pg/ml), erythromycin (1 pg/ml), spectinomycin (100 pg/ml), or
tetracycline (10 pg/ml) was added to the medium. Spore prepa-
rations consisted of single spores with no detectable clumps and
were >99% free of growing cells, germinated spores, and cell de-
bris, as seen in a phase-contrast microscope. Triplicate air-dried
spore samples with a thickness of approximately 25 spore layers
(for the 5 X 10® spore concentration) on presterilized spacecraft-

December 2012 Volume 78 Number 24

Applied and Environmental Microbiology p. 8849-8853

qualified, chemfilm-treated aluminum 6061 coupons (13 mm in
diameter by 1 mm thick) (23) were exposed to simulated Martian
conditions in a cylindrical Mars simulation chamber (MSC) as
described in detail previously (37). The simulated Mars environ-
mental conditions listed in Table 2 represent a worst-case scenario
for high UV flux and thus likely equate to an upper bound for UV
effects on B. subtilis spore survival under simulated Martian con-
ditions (38). Three types of spore exposure conditions were tested:
(i) ambient laboratory conditions (22°C, 54% relative humidity,
on the laboratory bench shielded from light), (ii) exposure in the
MSC to simulate Mars conditions but shielded from radiation
[designated Mars(—)UV], and (iii) exposure to the full suite of
simulated Mars conditions, including 8 h of solar radiation [des-
ignated Mars(+)UV]. Further details of the design and geometry
of the MSC, radiation dosimetry, and fluence calculations have
been described in detail elsewhere by Schuerger et al. (38—40).
Spore recovery from coupons was accomplished by stripping off
spores with polyvinyl alcohol, and viability assays were performed
as described previously (18, 19, 21, 22). The surviving fraction of
B. subtilis spores was determined from the N/N, ratio, with N
being the number of CFU of the exposed sample and N, that of the
initial spore burden (directly determined after sample prepara-
tion). To determine frequencies of mutation to 4-azaleucine resis-
tance (4-azaleu’), aliquots of spores of each strain were taken from
Mars(+)UV and Mars(—)UV exposure conditions, as well as lab-
oratory control samples. Aliquots from serial dilutions were
spread on Spizizen minimal medium plates supplemented with
(final concentrations) tryptophan (50 pg/ml), spore germinants
(either L-alanine [10 mM] or an equimolar mixture of DPA and
CacCl, [60 mM each] [1]), and 4-pL-azaleucine (100 pg/ml). Col-
onies that were 4-azaleu” were counted 36 h after incubation at
37°C as described by Rivas-Castillo et al. (35). All data are ex-
pressed as averages * standard deviations (n = 3). The signifi-
cance of the differences in the survival rates and 4-azaleu” muta-
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TABLE 1 B. subtilis strains used in this study

Strain Genotype and/or phenotype”

Missing spore component(s) Source (reference)

168 (WN131) Wild-type parent of WN659 and WN661; trpC2
PS832 (WN552)
PY79 (WN470)
AD17 (WN496)
AD28 (WN495)
AD142 (WN469) gerE36 cotE::cat Cm"
PS356 (WN1273)  AsspA AsspB
PS1899 (WN1274) dacB::cat Cm"®

FB72 (WN552)

gerE36
cotE::cat Cm”

AgerABK DPA™ spores)
FB108 (WN553)
(referred to as AgerABK DPA™ spores)

WN661 trpC2, presumed mutation in cotA?

Wild-type parent of PS356, PS1899, FB72, and FB108; prototroph  None
Wild-type parent of AD17, AD28, and AD142; prototroph

AgerA::spc AgerB::cat AgerK::erm Spc” Cm' Erm" (referred to as

AgerA::spc AgerB::cat AgerK::erm AspoVF::tet Spc” Cm' Erm" Tet"

None Laboratory stock (4)
P. Setlow (44)
None A. Driks (34)

A. Driks (34)
A. Driks (34)
A. Driks (34)
P. Setlow (17)
P. Setlow (33)
P. Setlow (44)

Inner coat

Outer coat

Inner and outer coats
SASP-a and SASP-B
Core dehydration
Germination receptors

Germination receptors, DPA  P. Setlow (44)

Pigmentation W. L. Nicholson (unpublished data)

7 Cm', resistant to chloramphenicol (5 pg/ml); Erm’, resistant to erythromycin (1 pg/ml); Spc’, resistant to spectinomycin (100 pg/ml); Tet", resistant to tetracycline (10 wg/ml).

b Reference 13.

tion induction were determined by analysis of variance (ANOVA)
using Analyze-it software (Analyze-it Software, Ltd., Leeds,
United Kingdom). Values were evaluated in multigroup pairwise
combinations, and differences with P values of =0.05 were con-
sidered statistically significant (18, 19, 22, 34, 43, 44).

Wild-type and structural-component-deficient spores (Table
1) were exposed to simulated Mars environmental conditions for
a 24-h period in the MSC with or without 8 h of exposure to
simulated Martian solar radiation, including UV (200 to 400 nm)
(Fig. 1). It was noted that a 24-h exposure to ambient lab condi-
tions resulted in a 19% = 6% average reduction in the survival of
wild-type and all mutant spores, with the exception of spores lack-
ing both SASP-a and SASP-f3, which exhibited a statistically sig-
nificant 72% * 13% loss of spore viability (Fig. 1A). Exposure of
spores for 24 h to simulated Mars(—)UV conditions in the MSC
did not significantly reduce the viability of wild-type spores but
caused a significant reduction in the viability of all of the mutant
spores tested, most dramatically, sspA sspB mutant spores lacking

TABLE 2 Environmental conditions used for Mars simulation
experiments

Parameter Value

Avg pressure (kPa) = SD 0.69 * 0.01
Avg temp (°C) = SD —10 £2
Avg relative humidity (%) * SD 8+2

UV-Vis-NIR radiation” fluence
rate, Kk m~2h™! (total
applied fluence)”

Total UV (200-400 nm)
UV-C (200-280 nm)
UV-B (280-320 nm)
UV-A (320-400 nm)
Vis (400-700 nm)

NIR (700-1,100 nm)

Total irradiance (200-1,100 nm)

Time (h)
% CO,

1429 (1.14MJ m™?)
14.4KkJ (115 kI m™?)
24.8KkJ (199 k] m™?)
103.7 kJ (829 ky m™?)
864.0 kJ (6.91 MJ m™?)
882.0KkJ (7.05 MJ m %)
1,888.9 (15.1 MJ m™?)

24b
99.99

“ Details of the radiation dosimetry, fluence rates, and simulation of the UV-Vis-NIR
radiation environment of the surface conditions on Mars have been described by
Schuerger et al. (38—40). Vis, visible; NIR, near IR.

® With or without 8 h of irradiance.
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the major o/B-type SASP and gerE cotE mutant spores lacking
inner and outer spore coats (Fig. 1B). Exposure to the full suite of
simulated Mars(+)UV conditions reduced the viability of wild-
type spores by ~1 order of magnitude, whereas spores of all of the
mutant strains tested were significantly more sensitive than wild-
type spores, again with spores lacking either a/B-type SASP or
spore coats being the most sensitive (Fig. 1C).

To directly compare the contributions of spore structural com-
ponents to the resistance of spores to simulated Mars conditions,
we calculated the relative increase in the sensitivity of each mutant
strain with respect to that of the corresponding wild-type strain
(Fig. 2). Ranked in order from most to least important with re-
spect to Mars(—)UV treatment were the inner and outer spore
coat (cotE gerE), o/ B-type SASP (sspA sspB) >>> the coat pigment
(cotA), the inner coat (gerE) > the outer coat (cotE), core water
content (dacB), DPA (dpaAB), and germination receptors (gerA
gerB gerK) (Fig. 2A). Mars(—)UV conditions are dominated by
low temperature (—10°C) and low pressure (~7 mbar), resulting
in an extremely desiccating environment. An intact spore coat and
o/B-type SASP are the most important factors for dormant-spore
survival under Mars(—)UV conditions, whereas DPA, pigmenta-
tion, and spore water content play less important roles. Under
Mars(+)UV conditions, the spore structural components con-
tributing to resistance, from most to least important, were o/p-
type SASP (sspA sspB) > the inner and outer spore coats (cotE
gerE), DPA (gerA gerB gerK spoVF) >> pigmentation (cotA), the
outer spore coat (cotE) > core water content (dacB) > the inner
coat (gerE) = germination receptors (gerA gerB gerK) (Fig. 2B).
Under Mars(+)UV conditions, UV radiation is a dominant factor
in determining spore survival. In this context, it is not surprising
that o/B-type SASP, the spore coat, and DPA make major contri-
butions to spore resistance, as all of these factors have previously
been shown to protect air-dried spores from polychromatic UV
(21, 34, 43, 44). An intact outer coat, including the outer-coat-
associated cotA-encoded pigment, was apparently more impor-
tant to spore survival under Mars(+)UV conditions than was an
intact inner coat (Fig. 2B).

We also measured the frequency of mutation to 4-azaleu’ in
spores exposed to Mars(—)UV or Mars(+)UV conditions (Fig.
3). The relative importance of spore factors for survival of
Mars(—)UV exposure was as follows: intact spore coats, a/B-type
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FIG 1 Survival of B. subtilis spores in response to simulated Martian environmental conditions, as determined by the ability to form macroscopic visible colonies.
The strains used are indicated below the bars; the wild-type strain is listed to the left of the corresponding mutant strain. Spores were exposed as air-dried spore
multilayers for 24 h to ambient laboratory conditions (white bars; panel A), Mars(—)UV conditions (hatched bars; panel B), or Mars(+)UV conditions (shaded
bars; panel C). Data are expressed as averages and standard deviations (n = 3). The lowercase letters above the bars denote groups significantly different by
ANOVA (P < 0.05).

SASP > an outer coat, DPA >> pigment, reduced core wa-
ter >>>> an inner coat = germination receptors (Fig. 3). Under
Mars(+)UV conditions, spore components exhibited importance
in mutagenesis to 4-azaleu’, in order from highest to lowest fre-
quency, as follows: a/B-type SASP > intact spore coats > pig-
ment, outer coat, DPA, reduced spore core water, and germina-
tion receptors (Fig. 3). Mutagenesis to 4-azaleu’ was strongly UV
dependent, which is due mainly to the two ways for UV to exert its
lethal effects, i.e., direct interaction with spore DNA and indirectly

via the generation of reactive oxygen species, as shown previously
(22, 35; reviewed in reference 12).

On the basis of the above data, it thus appears that o/B-type
SASP and intact spore coat layers are the most important factors in
determining spore survival and protection from mutagenic dam-
age under simulated Mars conditions either with or without UV
exposure. Spore pigmentation, the outer or inner spore coat layers
by themselves, reduced spore water content, and DPA play less
important roles in spore survival of Mars(—)UV exposure but do
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FIG 2 Impacts of the spore-specific structural attributes (exterior and interior) are displayed as relative sensitivities of spores lacking pigmentation, spore coat
assembly, dipicolinic acid (DPA) formation, core dehydration, and o/B-type small, acid-soluble spore protein (SASP) formation to Mars(—)UV conditions
(hatched bars; panel A) or Mars(+)UV conditions (shaded bars; panel B). Relative spore sensitivity was expressed as the ratio of the survival of each mutant strain
with respect to the survival of the corresponding wild-type strain from the respective exposure to simulated Martian conditions (from Fig. 1B and C) to that of
the ambient control (Fig. 1A). Data are averages and standard deviations (n = 3). The actual data values are shown above the corresponding columns (Fig. 1).
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FIG 3 Frequencies of mutation to 4-azaleu” of spores of different strains ex-
posed to the full suite of simulated Martian conditions shielded (white hatched
bars) and including UV radiation (gray bars). Data are averages and standard
deviations (n = 3). The lowercase letters above the bars denote groups signif-
icantly different by ANOVA (P < 0.05). The spontaneous frequency of muta-
tion to 4-azaleu” of the wild-type strain (i.e., the mean spontaneous 4-azaleu"
mutation frequencies of strains 168, PY79, and PS832 * the standard devia-
tion) was (9.7 = 3.6) X 1077, in good agreement with previous data (35).

play significant roles in spore resistance to Mars(+)UV exposure.
Clearly, the data indicate that spore DNA is a major target of both
lethal and mutagenic damage, on the basis of the observation that
all spore factors contributed significantly to both spore survival
(Fig. 2) and the frequency of mutation to 4-azaleu” (Fig. 3) in
response to the full suite of simulated Mars environmental condi-
tions, including UV. The findings in this communication comple-
ment the results of microarray experiments demonstrating the
upregulation of DNA repair pathways during the germination of
spores exposed to simulated Mars surface conditions (27). Future
goals of our work are to (i) compile a complete catalog of all types
of cellular damage incurred by spores exposed to simulated Mar-
tian conditions; (ii) elucidate the potential additive effects of the
sensitive spore phenotypes, such as SASP, core water content, and
DPA, with a special focus on the complex interaction of all known
spore coat proteins (as reviewed in reference 16 and references
therein); and (iii) elucidate the roles of various DNA repair sys-
tems in the survival of Mars-exposed spores in order to gain a
deeper understanding of the physiological responses used by
spore-forming bacteria to cope with the environmental challenges
of simulated extraterrestrial environments.
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