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Abstract

The environment in space and on planets such as Mars can be lethal to microorganisms because of the high vacuum and
e

or concern
of various

imulated
igh UV

).
high solar radiation flux, in particular UV radiation, in such environments. Spores of variousBacillusspecies are among th
organisms most resistant to the lethal effects of high vacuum and UV radiation, and as a consequence are of maj
for planetary contamination via unmanned spacecraft or even natural processes. This review focuses on the spores
Bacillusspecies: (i) their mechanisms of UV resistance; (ii) their survival in unmanned spacecraft, space flight and s
space flight and Martian conditions; (iii) the UV flux in space and on Mars; (iv) factors affecting spore survival in such h
flux environments.
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1. Introduction

This review is concerned with assessing how the
solar ultraviolet (UV) radiation environment limits
the survival of bacterial spores during interplane-
tary transfer by either natural processes or human
activities—and, conversely, how bacterial spores resist
the lethal and mutagenic effects of solar UV in order
to maximize their survival. The issue is important for
two main reasons. First, bacterial spores are ubiqui-
tous in the environment and are found on or within
most natural and human-fabricated materials destined
for interplanetary travel. Second, solar UV is by far the
most lethal component of the space radiation environ-
ment for microorganisms, and spores are notoriously
resistant to UV. As we will see below, spore survival in
the solar UV environment has important implications
both for natural interplanetary transport (panspermia)
and planetary protection from forward contamination.

1.1. Panspermia by natural processes

The theory of panspermia, that viable organisms
could arise anywhere in the universe where condi-

tions are favorable and be transported to distant lo-
cations, was postulated about 100 years ago indepen-
dently by Richter, Thomson (Lord Kelvin), and Ar-
rhenius[1–3]. A specialized version of the concept,
dubbed “lithopanspermia”, has gained support in re-
cent years as a result of the discovery on Earth of
lightly shocked meteorites of Martian and Lunar ori-
gin, coupled with advances in our understanding of
the physics of planetary impact processes and recog-
nition of the high numbers of microbes inhabiting the
Earth’s crust[4,5]. For experimental convenience, the
process of lithopanspermia is divided into three dis-
tinct phases: (i) impact-mediated launch of ejecta from
the donor planet; (ii) transit through space; (iii) entry
and deposition onto the recipient planet[4,5]. As we
will see below, exposure of living cells to solar UV ra-
diation during transit through space is considered the
major lethal factor in the space environment, although
UV exposure can be mitigated by minimal shielding.
Current lithopanspermia models admit the possibility
of interplanetary transport of endolithic (literally, “in-
side rock”) microbes between terrestrial planets in our
own solar system. It should be stressed, however, that
the subject is controversial—some analyses conclude a
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high probability of transfer[4] whereas others conclude
transfer to be an unlikely event[6].

1.2. Human-directed panspermia: planetary
protection

Studies of the current collection of Martian me-
teorites indicate that transit times between Mars and
Earth can be rather long, on the order of 105–107 years
[4,7]. More direct routes with short transit times, on
the order of a few years, are theoretically possible, but
only a small fraction of ejecta from an impact could
be boosted into such fortuitous fast-track transit orbits
[8,9]. In sharp contrast, human space probes routinely
leave Earth on trajectories carefully calculated to inter-
sect and land upon other planetary bodies with short
transit times. Although a great deal of effort is ex-
pended on spacecraft disinfection during fabrication
and assembly, it is nearly impossible to completely
sterilize these devices; thus, each probe destined for
another planet carries a finite microbial bioload which
is considered a potential “forward contaminant” of the
pristine environment of the target planet. As we shall
see below, the UV radiation environments in space and
on the target planet itself are important aspects to be
considered in calculating the survival and possible pro-
liferation of potential forward contaminants transferred
from Earth on spacecraft.

1.3. Microbial bioloads of launched unmanned
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imately 70% of the total microbial bioloads of these
vehicles[15,16], while microbial species indigenous to
soils comprised approximately 20% of the isolates re-
covered[12,16]. Microbial species comprising the bal-
ance recovered from spacecraft were often not identifi-
able with the cultural procedures used at the time. Most
of the recovered bacteria (>80%) were described as
mesophilic heterotrophic prokaryotes[11,16]. Spore-
forming species from the genusBacillusgenerally aver-
aged 10% of the total bioloads of spacecraft and ranged
from <1% to as high as 36% per vehicle[19]. However,
most of these studies were conducted prior to the de-
velopment of modern molecular techniques of micro-
bial identification, and it is likely that many additional
species of psychrophilic, halophilic, photoautotrophic,
and non-culturable species were present on unmanned
spacecraft at launch but were not identified. For exam-
ple, recent microbial studies of spacecraft using 16S
rDNA sequence and DNA–DNA hybridization anal-
yses have widened the list of microorganisms recov-
ered from unmanned spacecraft to include members
of the generaBradyrhizobium, Deinococcus, Methy-
lobacterium,Methylococcus,Nocardiopsis,Planococ-
cus, Ralstonia, Rhizobium, andVariovorax[20–23].

Both manned and unmanned spacecraft are assem-
bled under strict isolation to reduce the risks of soil or
dust particulates contaminating or damaging spacecraft
components. During the 1960s and 1970s, many Amer-
ican spacecrafts were launched for lunar and Mars
exploration. The estimated total bioloads (i.e., non-
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During the Apollo era, extensive studies were c
ucted to characterize the microbial contamina
n unmanned spacecraft launched to both Mars

he Moon[10–19]. Species ofAlternaria, Aspergillus,
otrytis,Candida,Cladosporium,Fusarium, andPeni-
illiumwere the most prevalent fungi; species ofAchro-
obacter, Acinetobacter, Alcaligenes, Bacillus, the
revibacterium–Corynebacteriumgroup, Enterococ
us,Micrococcus, Pseudomonas, Staphylococcus, and
treptococcuswere the most prevalent bacteria
overed from these systems. Microorganisms re
red from manned and unmanned vehicles appe

o be very similar in species diversity[11,15,16,18],
ut manned spacecraft appeared to have slightly h

evels of microbial biomass per vehicle[16]. Micro-
ial species indigenous to humans comprised app
pore and spore formers) of these vehicles at la
anged from a low of 5× 102 viable cells/m2 (Lu-
ar Orbiter 1) to a high of 2× 106 cells/m2 (Sur-
eyor 2)[11,19]; approximately 10% of the bioloa
ere spore-forming species in the genusBacillus[19].
ased on recommendations from the Committee
pace Research (COSPAR), an International S
cience Community Policy Board (see reviews
eVincenzi and Klein[24] and Rummel[25]), the
urrently accepted bioburden at launch for rob
urface missions to Mars without life-detection
eriments is 300 spores/m2 and 3× 105 spores/vehicl

26]. However, this requirement can be lowered
ificantly when life-detection experiments or sam
eturn missions are launched. For example, the
ioloads estimated on the Viking landers prior to d
eat sterilization were approximately 2.5× 103 aerobic
ells/m2 and 1.4× 102 aerobic spores/m2 [16]. The
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Viking 1 and 2 landers and their four biology exper-
iments were terminally dry heat-sterilized at 112◦C
just prior to launch for 30 and 23 h, respectively
[16,24]. It was calculated that the Viking microbial bi-
oloads were likely lowered as much as an additional 4
decades during the prelaunch heat-sterilization proce-
dures[16,27], and thus the landers were for all practi-
cal purposes essentially sterile upon launch. Thus, of
all unmanned spacecraft launched to Mars, the Viking
landers had the lowest bioloads at the time of launch
(<1× 10−2 spores/m2), and recent spacecraft have av-
eraged less than 3.0× 105 spores/vehicle[26]. The em-
phasis on spore-forming species is based on the gen-
erally accepted assumption that sanitation and steril-
ization protocols that reduce the numbers of recovered
spores will concomitantly reduce the numbers of non-
spore forming species by similar or greater degrees.

2. The solar radiation environment

Due to its high energy and efficient absorption by bi-
ological macromolecules (proteins, nucleic acids, and
lipids), solar UV is considered the component of solar
radiation most immediately lethal to microorganisms.
It is therefore relevant to understand the nature of so-
lar UV. Our Sun is a G-type star whose radiant spec-
trum roughly matches that of a 5500–6000◦C black-
body. In space the Sun emits photons of wavelengths
ranging from∼1 nm (soft X-rays) to∼105 nm (radio
w itted
e
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tinuum, solar UV has been divided into rather arbitrary
categories. One system (the Global Solar UV Index
based on a “photobiological” definition of UV)[29,30]
divides UV into three categories: UVC (200–280 nm),
UVB (280–315 nm), and UVA (315–400 nm). In addi-
tion, the term “vacuum UV” can be used to refer to the
UV flux found in interplanetary space at wavelengths
shorter than UVC, and thus represents the UV flux in
the solar beam that is not attenuated by the atmospheres
of either Earth or Mars. For this review, we will use the
nomenclature of the Global Solar UV Index, and in-
clude the use of “vacuum UV” to represent the UV flux
<200 nm. Based on the UV models of Mars by Appel-
baum and Flood[28], Cockell and Andrady[31], Kuhn
and Atreya[32], and Patel et al.[33], fluence rates for
UVC, UVB, and UVA for S at the mean orbital dis-
tance for Mars were recently estimated as 3.18, 8.38,
and 38.39 W/m2, respectively[34].

Solar UV light originates in the upper photosphere,
chromosphere, and corona of the Sun. Due to so-
lar dynamics in these regions, variability in the so-
lar UV portion of the spectrum is far greater than
variability in total solar output. To monitor daily so-
lar UV output and spectrum from space, NASA and
the Naval Research Laboratory sponsor a Solar Ul-
traviolet Spectral Irradiance Monitor (SUSIM) in-
strument on a satellite in near-Earth orbit[35]. The
daily solar UV spectrum in space can be viewed at
http://wwwsolar.nrl.navy.mil/susim.html.
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V (∼7%) wavelengths. The total amount of solar
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ar constant (S), the amount of energy, which falls
n area above the atmosphere at a vertical ang
lanet’sSvalue varies inversely with the square of
istance of a body from the Sun as a function of the

ace area of a sphere. At the mean Earth–Sun dis
1 astronomical unit or 1 a.u.),S= 1371 W/m2, while
t the mean Mars–Sun orbital distance (1.524 a
= 590 W/m2 (for a spectral range of 200 nm–40�m)

28]. In addition, the solar constant for Mars can v
rom 493 to 718 W/m2 between aphelion (closest a
roach to the Sun) and perihelion (furthest dista

rom the Sun), respectively[28].
The UV portion of the solar spectrum spans wa

engths from∼10 to∼400 nm. While in reality a con
pheres (such as asteroids or the Earth’s Moon
lluminated by the same intensity and spectrum of
ar UV as encountered in interplanetary space. Bec
hese bodies rotate relative to the Sun and are rou
pherical, the incident UV flux at any point on the s
ace varies due to a number of factors including orb
osition, Sun elevation angle, latitudinal changes, r

ional periods, positions on the “day” or “night” sid
f objects, shading by location within pits or involu
urfaces, and reflection of UV off nearby surfaces[6].
he net result is that an object on the surface of an

ess body can, depending on its location, be exp
o a UV flux ranging from zero to a value actually
eeding the solar constant. The greatest contrib
o increasing the UV flux aboveS is the level of UV
adiation reflected off of spacecrafts and planetary
aces. Many of these surfaces are fundamentally
ertian in nature, and thus reflect light isotropica
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Therefore, specific locations on spacecraft or plane-
tary surfaces can be impinged upon by direct UV, dif-
fuse UV (if an atmosphere is present) and reflected
UV radiation from all directions. The increased UV
flux from the surrounding terrain can approach 70%
of S (R. Tanner, personal communication), and can
thus approximately double the UV flux falling on a
surface.

The situation is further confounded on planetary
bodies that contain atmospheres. In addition to the fac-
tors described above (orbital position, solar elevation,
latitude, time of year, ground reflection, etc.), the pres-
ence of an atmosphere causes a general attenuation of
the amount of UV reaching the surface, and also can
exert a strong influence on the spectral quality of UV ra-
diation that reaches the surface. Atmospheres are gen-
erally composed of various gases, liquid vapor droplets,
solid particulate material (i.e., dust), and suspended
ices. These components variously absorb, reflect back
to space, and scatter solar UV. Because both planets and
atmospheres are dynamic systems, the amount, spec-
trum, or angle of UV striking a surface is a constantly
changing quantity.

The amount of absorption, reflection, and scatter-
ing is a direct function of the atmospheric density of a
planet. For example, Earth’s atmospheric pressure av-
erages 1013 mbar (105 Pa) at sea level, which is over
100 times the density of the average Martian atmo-
sphere (∼7 mbar or 710 Pa)[36]. Thus, the UV flux
on the Martian surface is much less attenuated by the
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The atmospheric gas composition also exerts a
strong effect on UV attenuation. For example, Earth’s
atmosphere is composed mainly of diatomic nitrogen
(∼78%) and oxygen (∼21%). A portion of the oxygen
in Earth’s stratosphere interacts with sunlight and is
converted to ozone, which strongly absorbs UV wave-
lengths shorter than∼300 nm[39]. This layer of strato-
spheric ozone shields the Earth’s surface from all vac-
uum UV, UVC, and most UVB wavelengths[40]. The
atmosphere of Mars, in contrast, consists mainly of car-
bon dioxide (∼95%) with extremely low levels of oxy-
gen (∼0.13%) and ozone (∼0.000004%)[41]. The ma-
jor UV-absorbing gas in the Martian atmosphere is CO2
which efficiently absorbs solar UV radiation shorter
than 190 nm[32], so the UV environment on the Mar-
tian surface is much richer in UVC and UVB than on
Earth’s surface. Despite its greater distance from the
Sun and the resulting fact that the Martian solar con-
stant is only 43% that of Earth’s, under clear-sky condi-
tions the DNA-weighted UV irradiance on the Martian
surface is approximately 3 orders of magnitude higher
than that on Earth[37].

Atmospheric aerosols such as vapor droplets, wa-
ter ice particles, and dust further absorb, reflect, and
scatter incident UV. Atmospheric liquid droplets range
from clouds of water vapor or ice particles on Earth
and Mars to methane clouds in the atmosphere of Sat-
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he spring and summer, resulting in seasonal sw
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uence the total amount of UV reaching the surf
nd depress the shorter UVC and UVB spectra
ions during times of higher pressure[28,37]. Mars
lso experiences periods during which its axial tilt
tive to the Sun (i.e., obliquity) can be much more
ere than that of Earth, which serves to exacerbate
onal variations in UV flux striking the Martian su
ace[37]. The obliquity of Mars can vary between
ow of nearly 10◦ to a high of 60◦ over cycles gen
rally averaging 105 years[38]. In addition, on both
rn’s Moon Titan[42]. Solid particulates in the Earth
tmosphere include smoke from combustion and
anism and airborne dust from windstorms. The M
ian surface has been pulverized by meteor impact
rosion such that the planet is covered by a layer o

remely fine dust, of which the smallest fines (1–2�m
iameter) can be easily lofted into the atmosphe
egional-to-global scale dust storms which can las
onths[43]. Summation of all factors in a planeta
tmosphere that contribute to the attenuation of lig

he solar spectrum (i.e., gas composition, atmosp
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44]. In general, clear-sky conditions on Mars yi
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sure of 7.1 mbar would yield an optical depth of 0.1,
which would produce an approximate 10% attenua-
tion of the down welling UV iradiation[34]. Optical
depths on Mars of 0.3 (clear-sky) to 3.5 (global dust
storm) would correspondingly produce approximately
25–97% attenuations in the down welling UV radia-
tion [34]. Therefore, airborne dust loading is an impor-
tant component that attenuates incoming solar UV in
the Martian atmosphere[34,37], and as we shall see
below, dust can affect the survival rates of bacterial
spores both in space[46] and under simulated Martian
environmental conditions[34].

3. Spore UV resistance mechanisms

Spores of variousBacillusspecies are generally 10-
to 100-fold more resistant to UV than are the cor-
responding vegetative cells[5,47–51]. UV resistance
varies significantly between spores of different species
and strains, and some strains producing extremely UV
resistant spores have been isolated from environments
subjected to high UV fluxes[19,22,52–54]. However,
the reasons for these strain/species-specific differences
in spore UV resistance are not yet known. Sporulation
conditions can also affect the UV resistance of the re-
sultant spores[55] but the specific reasons for this are
again not known.

The major lethal target for UV radiation in spores is
almost certainly DNA, and this appears to be the case
o ate
r ting
l ill
s reaks
i

3

rms
o ec-
t on.
H
s rtu-
n own
f ny
c ntly,
t las-
m

A second potential mechanism for protection
against UV is the accumulation of absorbing pigments,
generally in the spore’s outer layers, in particular the
coats and outer membrane[57–60]. There is certainly
evidence with growing bacteria that pigments in outer
layers can protect against UV[61,62], presumably by
absorbing the radiation before it penetrates to the DNA
in the spore core or protoplast. InBacillus subtilis
spores the formation of coat pigment is due to thecotA
gene product, a copper-dependent laccase that gener-
ates a probable melanin-like pigment, and melanic pig-
ments can shield microbial cells against UV radiation
[57,61,62]. Deletion of thecotAgene results in albino
spores, and these spores are significantly more sensi-
tive to artificial UVB, UVA, and simulated solar radi-
ation than are the spores of its pigmented parent[57].
Spores of aBacillus thuringiensisstrain that produces a
melanin pigment are also significantly more resistant to
UVC and 366 nm radiation than are spores of the non-
pigmented parent strain[60]. Red-pigmented spores of
B. atrophaeusare reported to exhibit higher resistance
to a simulated Martian UV environment; these spores
contain protective carotenoid pigments that are partic-
ularly effective at absorbing UVA wavelengths[63].
As a further indication of the role of molecules in the
spore’s outer layers in UV protection, spores of someB.
subtilisstrains with defective coats are more sensitive
to UVB, UVA, and full spectrum solar radiation, but not
to UVC irradiation[59]. Thus, pigments likely provide
some UV protection to spores, and further analysis of
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.1. Cellular protective mechanisms

Bacterial spores appear to be monogenomic in te
f their chromosome; thus, there will be no UV prot

ion provided by the duplication of genetic informati
owever, natural plasmids carried by variousBacillus
pecies are often present in multiple copies. Unfo
ately, most genes on such plasmids are of unkn

unction and in the laboratory there is often little if a
hange in phenotype upon plasmid loss. Conseque
he role of multiple copies in the UV resistance of p
id DNA is unclear.
he UV resistance of spores of isogenic strains with
ithout various pigments would certainly be of val

.2. DNA photochemistry

The most effective UV wavelength for killing spor
s UVC, which is≥300-fold more effective than a
VB, UVA, or full spectrum sunlight, and the phot
hemistry of DNA in spores exposed to UVC radiat
as been best studied[5,47–51,64]. Most work on spor
NA photochemistry has been carried out with spo
f B. subtilis, although where studied the results w
pores ofB. cereusandBacillus megateriumare sim-

lar. Exposure of growing bacteria to UVC genera
rimarily cyclobutane-type dimers between adjac
yrimidines on the same DNA strand; these cyclo
ane pyrimidine dimers (CPDs) include those betw
djacent thymines (TT), thymine and cytosine (TC
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CT), and cytosines (CC). A significant amount of the
various (6-4) photoproducts are also generated between
adjacent pyrimidines, and all of these pyrimidine pho-
toproducts are potentially lethal lesions. In contrast to
results with growing cells, by far the predominant pho-
toproduct generated by UVC exposure of spores in wa-
ter is a 5-thyminyl-5,6-dihydrothymine adduct termed
spore photoproduct (SP) that is formed between adja-
cent thymine residues on the same DNA strand[65,66].
SP formation by UVC exposure of spores actually pro-
ceeds with slightly higher efficiency than does CPD
formation in growing cells, but although SP is a poten-
tially lethal lesion, SP is repaired extremely efficiently
in the first minutes of spore germination (see below).
In addition to SP, UVC can also generate some single
and double strand breaks in spore DNA as well as a
very small amount of CPDs, but the doses required for
generation of the latter photoproducts are far, far above
those needed to obtain high-level killing of spores[67].
There is also one report that tentatively concluded that
significant levels of at least one (6-4) photoproduct are
generated by exposure of spores to UVC[68], but this
was not confirmed in a recent analysis of photoprod-
ucts generated in spores using enzymatic digestion fol-
lowed by HPLC and mass spectrometry for photoprod-
uct identification[69].

In contrast to results with UVC radiation, UVB does
generate CPDs in spore DNA at physiological doses as
well as some SP, while UVA generates only single and
double strand breaks, as well as much SP[67]. Presum-
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Earth ambient pressure (105 Pa) ((6-4) photoproducts
are also undetectable) or from spores irradiated in wa-
ter [69–71]. The reasons for the changes in DNA pho-
tochemistry upon irradiation at low pressures are not
clear, but presumably the degree of DNA hydration
in spores at low vacuum is significantly lower than in
spores in water or in dry spores at ambient pressure and
humidity. Indeed, exposing spores to ultrahigh vacuum
alone is sufficient to cause some DNA damage[73,74].

Spores contain extremely high levels (∼10% of their
dry weight) as pyridine-2,6-dicarboxylic acid (dipicol-
inic acid (DPA)) and this compound sensitizes spores
irradiated in water to UVC[50]. In contrast, DPA pro-
vides some protection against UVC when spores are
irradiated dry at ambient pressure, and is also protec-
tive (3- to 7-fold) against UVB, UVA, and full spectrum
sunlight when spores are irradiated either dry at ambi-
ent pressure or in water[64].

There appear to be a number of possible reasons for
the novel photochemistry of DNA in spores. One is the
presence of high levels of DPA in spores noted above.
While DPA certainly influences the efficiency of killing
of spores irradiated in water with UVC, it is not yet clear
how DPA causes this effect, and to date there have been
no detailed studies on the photochemistry of DNA in
purified DPA-less spores. A second is the low degree
of DNA hydration in the spore’s central region or core,
the site of spore DNA, even with spores in water. The
spore core has only 25–45% of its wet weight as wa-
ter depending on the species, while growing cells have
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he UVA radiation. Unfortunately, there have not b
tudies on levels of (6-4) photoproducts generate
VA and UVB irradiation of spores.
The effects of UV on spores are also depende

ome degree on the hydration level at which sp
re irradiated. While spores irradiated dry at amb
ressure exhibit UVC and UVB sensitivity and DN
hotochemistry similar to that of spores irradiated
ater, dry spores irradiated with UVC or UVB und
ltrahigh vacuum (≤10−3 Pa) exhibit 10-fold lower re
istance[64,69–72]. In addition, TT isomers includin
rans, syn-TT are generated by UVC and UVB at the
ow pressures, and UVC irradiation of dry spore

oderate vacuum (1–2 Pa) also generates signifi
mounts of TT, includingtrans, syn-TT [48]. However

evels of TT are very low (cis, syn-TT) or undetectabl
trans, syn-TT) in dry spores irradiated with UVC
5–80% of their wet weight as water[75]. Indeed, the
ater content of the spore core is so low that enzy
re inactive in this compartment and soluble prot
re immobile[76,77]. Work in vitro has shown tha
oorly hydrated DNA has a different UV photoche

stry than DNA in solution, as UVC irradiation of DN
n solution gives CPDs and (6-4) photoproducts and
le if any SP, while irradiation of poorly hydrated DN
ives less CPDs and (6-4) photoproducts and sig
ant levels of SP[78,79]. There is, however, some wa
n the spore core, as noted above, and small chang
ore water levels ofB. subtilisspores have no effect
pore UV resistance[80]. However, the precise degr
f hydration of DNA in spores suspended in wate
ot known.

The third factor involved in spore UV photoche
stry is certainly the most important one, and is the s
ation of spore DNA with a group of novel DNA bin
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ing proteins, the small, acid-soluble proteins (SASP)
of the �/�-type [50,81]. These small (60–70 aa) pro-
teins are synthesized in the developing forespore at
about the time the spore acquires UV resistance and
the DNA’s UV photochemistry changes to that of spore
DNA [5,49,50]. Sufficient amounts of�/�-type SASP
are accumulated to saturate the spore chromosome, and
the chromosome is converted to a ring-like or toroidal
structure by the binding of these proteins[82,83]. There
are multiple�/�-type SASP in allBacillusspecies that
have been examined and the amino acid sequences of
these proteins are highly conserved, both within one
Bacillusspecies as well as acrossBacillusspecies, and
inClostridiumandSporosarcinaspecies as well. How-
ever, genes encoding�/�-type SASP are not found
in non-spore forming bacteria and the amino acid se-
quences of these proteins are not similar to those of any
other proteins and exhibit no common motifs found
in DNA binding proteins. The�/�-type SASP pro-
tect spore DNA not only against UV damage, but
also against damage caused by heat (depurination) and
genotoxic chemicals[5,84]. The majorB. subtilischro-
mosomal protein of growing cells, Hbsu is also present
on the spore chromosome, and this protein may modify
the effects of�/�-type SASP on spore DNA structure
and properties to some degree[85].

B. subtilishas four genes encoding�/�-type SASP,
and all are expressed in parallel during sporulation, al-
though two (sspAandsspB) are expressed at a much
higher level than the other two (sspCandsspD). How-
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plexes generates very little CPDs and (6-4) photoprod-
ucts and significant levels of SP. However, the quantum
efficiency of SP formation is lower in�/�-type SASP-
DNA complexes than it is in spores[48,87]. Some of
this lower efficiency of SP formation in vitro may be
due to the absence of DPA, although other factors may
also be involved. The photoproducts generated in these
complexes by UVC appear to be intrastrand photo-
products, despite the generation of significant amounts
of interstrand photoproducts upon UVC irradiation of
poorly hydrated DNA under some conditions[69,89].

3.3. DNA repair mechanisms in spores

Since SP is a potentially lethal lesion, it must
be repaired efficiently. Spores have at least three
systems—recombinational repair (RR), nucleotide ex-
cision repair (NER), and spore photoproduct lyase (SP
lyase)—for repair of UV damage to DNA, and the im-
portance of these three systems varies depending on the
damage to be repaired[5,49–51,72]. Recombinational
repair appears to play little or no role in repair of dam-
age by UVC and UVB, but may play a significant role
in repair of damage caused by UVA. NER and SP lyase
appear sufficient to explain the great majority of repair
of damage by UVC and UVB in spores. The dormant
spore appears to contain the enzymes of NER, and the
levels of the proteins involved in this process that are
under RecA control are further increased in the first
minutes of germination of UVC irradiated spores[90].
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hangeable in their effects on DNA both in vitro and
ivo [5,49,50,86,87]. Deletion ofsspAandsspBgives
pores (termed�−�−) that lack∼80% of the total�/�-
ype SASP pool and these�−�− spores exhibit resis
ance to UVC that is lower than that of growing ce
ompared to results with wild-type spores, UVC

adiation of�−�− spores in water generates∼50%
ess SP and also∼1/2 the amount of CPDs formed
rowing cells, as well as significant levels of (6-4) p

oproducts[48,69,88]. Irradiation of�−�− spores with
VC in the dry state at ambient pressure gives sim

esults, while irradiation at low vacuum gives morecis,
yn-TT and trans, syn-TT than with wild-type spore
48].

The photochemistry of DNA in spores can be larg
uplicated in vitro using complexes of purified�/�-

ype SASP with DNA, as UVC irradiation of these co
s expected,recAspores are slightly less resistan
VC than are wild-type spores and the NER sys
an repair CPDs (6-4) photoproducts and SP. SP
s involved only in repair of SP, which it cleaves
wo thymine residues without DNA strand cleavag
light independent reaction; this enzyme does not
ind to TT containing DNA[91]. The gene encodin
P lyase (splB) is transcribed in the developing spo
t approximately the same time as thesspgenes[92],
nd SP lyase is present in dormant spores[93]. Where

t has been studied, levels of SP lyase are not incre
y UV irradiation either during sporulation or of t
ormant spore[92]. SP lyase is a homodimer, and
member of the “radical-SAM” family of 4Fe–4S e

ymes and usesS-adenosylmethionine as an essen
osubstrate, with the latter being cleaved ultimate
′-adenosine[94]. The reaction likely proceeds by fo
ation of a 5′-adenosyl radical that abstracts a pro
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from SP generating an SP radical[93–96]. Formation
of this radical then leads to�-scission of the thyminyl-
thymine bond and finally completion of the reaction by
transfer of a proton from 5′-adenosine back to thymine,
thus recycling the 5′-adenosyl radical[94–96]. While
this mechanism is certainly reasonable in light of sim-
ilarities between SP lyase and other “radical SAM”
enzymes, further studies are needed to prove the mech-
anism definitively.

4. General factors influencing spore survival in
space and on Mars

The interplanetary environment between Earth and
Mars is composed of a number of factors that will im-
pact the survival of terrestrial microorganisms on inte-
rior and exterior surfaces of spacecraft. The key bioci-
dal factors within the interplanetary environment are:
(i) high vacuum; (ii) solar UV irradiation; (iii) severe
desiccating conditions; (iv) extreme temperature fluc-
tuations; (v) charged particles in the Earth’s Van Allen
radiation belts; (vi) solar particle events (SPE); (vii)
galactic cosmic rays (GCR)[97,98]. All of these fac-
tors are likely to contribute to the loss of microbial di-
versity and viable biomass on spacecraft surfaces. Im-
mediately after reaching low Earth orbit (LEO), most
spacecraft surfaces that are vented to the external en-
vironment will experience high vacuum, severe des-
iccating conditions and possibly extreme fluctuations
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Many of the cultivable microorganisms typically re-
covered from spacecraft surfaces[11–16] exhibit rel-
atively low resistance to UV irradiation[20,103,104].
Although endospores of someBacillusspp. have been
shown to exhibit much higher UV resistance than non-
spore forming bacteria[20,34,104], spores ofBacillus
spp. are not immune to solar UV irradiation and would
be expected to be inactivated by one to several decades
within a few tens of seconds to a few minutes under UV
irradiation in LEO[105]or on Mars[34]. In fact, the to-
tal UV fluence rates in the unattenuated solar spectrum
(including vacuum UV, UVC, UVB, and UVA) are so
high that it is reasonable to expect that all sun-exposed
surfaces on the exterior of spacecraft will be exposed to
sterilizing levels of UV irradiation between 1000s and
tens of 1000s of times theeffective lethal dose ratesof
most (if not all) terrestrial microorganisms during the
cruise phase to Mars[34]. Much research has demon-
strated that UV irradiation is a very strong biocidal
factor against terrestrial microorganisms, but this re-
search also demonstrates clearly that UV irradiation
can be blocked by relatively thin layers of dusts, metal
oxides, UV-absorbing pigments, and opaque materials
[46,105,106]. Consequently, while UV radiation can
be extremely biocidal to microorganisms on spacecraft
and ejected planetary debris, the biocidal effects are
only for surface or very shallow subsurface sites.

Also of significant importance to the survival of mi-
croorganisms during interplanetary travel are the ef-
fects of charged particles in the Earth’s Van Allen ra-
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ffected to a much greater extent than spore-form
pecies[100,101]. Apollo data indicate that temper
ure extremes on external surfaces of spacecraft
onents in the interplanetary environment can sw
etween−171 and +111◦C [97]. Those componen

hat are heated to the upper levels of this range
ikely to experience significant reductions in viable
loads due exclusively to high temperatures. Base

hese factors alone, it is likely that during the cru
hase to Mars the viability of microorganisms on
V-protected but internally vented surfaces of sp
raft will be reduced 50–70% for spore-forming b
eria and up to 2–3 decades for non-spore forming
roorganisms[34,101,102].
iation belts, SPE, and GCR[107,108]. These factor
iffer from solar UV in that they are in general of low
osage per unit of time, and are not limited to affec
icrobial survival to surface populations alone, a

olar UV irradiation. In contrast to the low penetrat
ower of UV radiation, Van Allen radiation, SPE, a
CR processes will affect deeper layers within sp

raft and meteorites, but longer exposure times ar
uired to achieve significant reductions in micro
ioloads.

Spacecraft and ejected planetary meteoritic m
ial passing through the Earth’s Van Allen Belts will
xposed to relatively high levels of charged parti
mainly electrons and protons) that can interact
olid matter and cause Bremsstrahlung radiation
econdary cascades of particles) composed of X
nd�-rays [109]. However, the transit times throu

hese radiation belts are generally of short dura
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and may not impart significant levels of biocidal ra-
diation to either outgoing or incoming spacecraft or
ejected interplanetary debris. Of significantly greater
concern than Van Allen radiation are SPE and GCR
processes. SPE are generated from solar flares from
the Sun and are comprised mainly of protons with a
small contribution from�-particles and heavier nu-
clei [107,108]. GCR originate outside the Solar System
and are composed of about 98% nuclei and 2% elec-
trons and positrons[107,108]. The nuclear component
of GCR is composed of about 87% protons, 12%�-
particles, and about 1% heavier nuclei[107]. The ef-
fects of GCR proton bombardment on the survival of
terrestrial microorganisms have been studied for inter-
planetary environments, and the results generally sup-
port the conclusion that during a 3-year Mars mission,
microbial populations might be reduced between 20
and 90% on exterior surfaces of spacecraft by GCR
alone[99,106,107]. However, during severe SPE the
reductions in microbial bioloads on and within space-
craft might be significantly higher. Good estimates of
the biocidal effects of SPE and GCR exposures are
difficult to calculate because the actual dose rates ex-
perienced by spacecraft components are a combination
of a wide range of individual particles at widely vary-
ing energies that are difficult to accurately simulate
[107]. However, accelerator and space-based experi-
ments withB. subtilisspores using radiation transfer
models have allowed estimates of the biocidal effect of
GCR and SPE to be calculated[4].
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at least 1–2 decades during the outbound cruise phase
of a mission to Mars[34,98].

On Mars, the UV irradiation, SPE and GCR will
be lower than during the cruise phase between Earth
and Mars, but extreme desiccating conditions, low at-
mospheric pressure, and wide temperature swings will
persist[97,98]. As discussed above, UV irradiation will
be reduced through attenuation by the Martian atmo-
sphere. SPE and GCR will also be attenuated slightly
by the Martian atmosphere (at a level of about 1% of
the attenuation by Earth’s atmosphere), and will be fur-
ther reduced by half due to the shielding effects of the
planet itself. However, both SPE and GCR will remain
significant factors on Mars, which has led many to sug-
gest that long-term human settlements on Mars will
require significant levels of shielding accomplished
perhaps by burying habitats under several meters of
Martian regolith[97,102,109]. In addition, oxidants
in the Martian regolith[110,111], UV emissions from
corona-discharges of electrostatic energy in blowing
dust[112,113], and toxic heavy metals in the regolith
or atmospheric dust[114] may also contribute to the
biocidal effects of the Martian surface.

5. Simulations and flight experiments

As mentioned above, one of the strongest steriliz-
ing factors in the interplanetary environment between
Earth and Mars is solar UV irradiation, which has been
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ars due to the extreme temperature swings, se
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xterior spacecraft surfaces would be highest just
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o significantly decline as the biocidal factors in
nterplanetary environment continually reduced the
bility of the launched bioload. Based on the above
ussion, it seems reasonable to expect that the laun
ioload on exterior spacecraft surfaces will be redu
emonstrated in space to kill unprotected sporesB.
ubtilis within seconds[115]. The reason for this
he highly energetic UVC and vacuum UV radiat
hat is directly absorbed by DNA, as demonstrate
ction spectroscopy in space[116]. In addition, spac
acuum and UV appear to act synergistically. Sp
f B. subtilissimultaneously exposed to solar UV
iation and space vacuum exhibited a 10-fold incr

n UV-sensitivity as compared to spores irradiate
tmospheric pressure[117]. Photoproducts generat
ithin the DNA ofB. subtilisspores exposed to UV r
iation in ultrahigh vacuum (∼10−6 Pa) (characterist
f the space environment in LEO) consisted ofcis, syn-
T andtrans, syn-TT in addition to SP[70,117]. Re-
ent work has shown thatB. subtilisspores treated wit
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cteristic of planetary bodies with thin atmosphe
re also more UV sensitive and demonstrate the s
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alterations in DNA photochemistry seen under ultra-
high vacuum[48].

During the past 50 years, many studies have been
published on the survival of spore-forming bacte-
rial species (generally in the genusBacillus) un-
der simulated Martian conditions[34,99,100,102,106,
118–127]. Although these studies examined a diversity
of effects of simulated Martian conditions on spore sur-
vival, a few general conclusions may be drawn from this
body of work. First, UV radiation was the key parame-
ter that determined survivability of spores under simu-
lated Martian conditions; direct exposure to UV radia-
tion resulted in rapid and nearly complete inactivation
of microbial cultures[34,99,102,118,125,126]. These
results are consistent with other literature from micro-
gravity experiments during Gemini, Apollo, Space lab,
and LDEF missions in which spore survival was di-
rectly related to the duration and intensity of exposure
to solar UV radiation[115,117,128–130]. Second, thin
(tens of micrometers) to thick (centimeters) contiguous
layers of Mars analog soils were generally adequate
for protecting a significant proportion of test popula-
tions of spores from the lethal effects of UV irradiation
[34,125]. In contrast, individual particles of Mars ana-
log dust measuring up to 50�m in diameter deposited
over bacterial monolayers (a condition that more accu-
rately simulates aeolian dust settling onto a spacecraft
surface than thick contiguous layers) were found not to
protect endospores ofB. subtilisfrom the UV flux of
a simulated Martian spectrum[34]. Third, spores sur-
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[99,106,124], but the effects on spore survival were
generally not dramatic, supporting the conclusion that
SPE and GCR events may not be that important to
microbial survival over short durations of exposure
time.

6. Concluding remarks

Both interplanetary space and the Martian surface
environment are harsh and inhospitable environments
for the survival, growth, and adaptation of terrestrial
life. The primary biocidal factors that render these en-
vironments so inhospitable are high vacuum-UV and
UVC fluence rates at the energetically more active
short-wavelength portion of the spectrum, low atmo-
spheric pressure, extreme desiccating conditions, low
temperatures, oxidizing conditions in atmospheric dust
and regolith, and the presence of SPE and GCR. Ultra-
violet radiation in the interplanetary and Martian en-
vironments can deliver high lethal dose rates to sun-
exposed surfaces yielding significant reductions in the
launched bioloads. In contrast, due to the rather low
penetrating power of UV radiation, its lethal effects
can be effectively mitigated or prevented by a minimal
amount of shielding. Dormant bacterial endospores are
among the most UV-resistant cell types known, due to
intrinsic mechanisms, which either prevent DNA dam-
age in the spore or efficiently repair damage during
subsequent spore germination. Thus, if protected from
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34,119–123]. Fourth, although survival of spores
educed pressures has been reported (see above)
s still a direct effect of low pressure on the recov
f viable spores from spacecraft materials. For ex
le, spores ofBacillus spp. exposed to low pressu
imilar to the surface of Mars or interplanetary sp
or several hours to several months exhibited betw
0 and 70% reductions in spore survival compare
arth controls at normal pressures[34,100,128–130.
ifth, freeze-thaw cycles in the presence or absen
V radiation generally did not reduce microbial s
ival rates under simulated Martian conditions[126].
ixth, proton irradiation that has been used to si

ate both SPE and GCR events may be a factor i
ucing survival of terrestrial microorganisms on M
e

irect UV exposure, it is likely that a diversity of spo
orming species will have significantly longer perio
f viability under conditions in interplanetary spa
r on Mars than has been discussed above for
xposed spores. However, a complete model on
pore-forming and non-spore forming terrestrial
roorganisms might survive transport to other pla
ary bodies has not yet been fully developed. Thus
otential for the movement of microorganisms am

he various planetary bodies within our Solar Sys
emains poorly constrained.

The implications of these issues for planetary
ection are also quite important for the success of fu
obotic and human exploration missions in the S
ystem. A clearly stated goal of both the Mars Ex

ation Program and NASA’s Astrobiology Roadm
s the search for life elsewhere in the Solar Sys
131,132]. Mars and Europa are currently two k
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targets for this search, and of critical importance to
the success of these missions will be the understand-
ing of how efficiently terrestrial microorganisms will
survive the transit to these planetary bodies, and then
how well they will survive, grow, and replicate under
the actual conditions on or within Mars and Europa. In-
deed, human directed panspermia via launched micro-
bial bioloads on current spacecraft may be as likely or
unlikely as natural undirected panspermia via launched
geological materials from impact events. Both scenar-
ios currently require additional modeling, and require
new empirically derived data to verify the veracity of
the tenets of the models before final conclusions can
be drawn.
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